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GENERAL INTRODUCTION 

especially in chemistry, has boon so rapid <lurinf>; tlic. last fifty 
years and the fields covered by this de.volopinent Iiavo hei'ii so 
varied that it is difficult for any individual to kia-p in touch with 
the progress in branches of science outside his own specialty. 
In spite of the facilities for the examination of the lilcraturi' 
given by Chemical Abstracts and such compendia us Heilstcin’s 
Handbuch der Organischen Chemic., Uichtcr’s Lexikon, Osiwald's 
Lehrbuch der Allgemcincn Chemie, Ahegg's and (hnclin-Kraut's 
Handbuch dor Anorganischen Chernies and the Mnglish and 
French Dictionaries of Chemistry, it oflmi lakc.s n great dc.-d of 
time to coordinate the knowledge sivailahle uiion a single lopic. 
Consequently when men who have spent years in the study of 
important subjects arc willing to coordinate their knowledge 
and present it in eomise, readahle form, they perforin a service 
of the highest value to their fellow clii'misls. 

It was with a clear recognition of the. usefulness of reviews 
of this character that a Committee, of 'the American Chemical 
Society recommended the publication of the two series of mono- 
graphs under the ausiiices of the Society. 

Two rather distinct jnirpo.ses are. to he. serN'cd liy (liesc mono- 
graphs. The first purpose, whose fulfilment, will prohahly render 
to chemists in general the most important service, is to present 
the knowledge available upon the chosen topic in a rendnhle 
form, intelligible to those whose activities may he along a wholly 
different line. Many chemists fail to realize how closi'ly their 
investigations may be connected with other work which on tlie 
surface appears fur afield from their own, 'I'hese monographs 
will enable such men to form closer contact with tlie work of 
chemists in other lines of research. The second purjaise is to 
promote research in the branch of science eovi'ccd hy the mono- 
graph, by furnishing a well digested survey of the jirogress al- 
ready made in that field and by pointing out directions in whicli 
investigation needs to be extended. To facilitate the attain- 
ment of this purpose, it is intended to include extended references 
to the literature, which will enable anyone interested to follow 
up the subject in more detail. It the literature is so voluminous 
that a complete bibliography Ls impracticable, a critieal selec- 
tion will be made of those papers whicli are most important. 

The publication of these books marks a distinct departure in 
the TDolicV of tho AmoriPnn P.linmiftal ii. • 
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serious attempt to found an American chemical literature with- 
out primary regard to commercial considerations. The success 
of the venture will depend in large part upon the measure of co- 
operation which can be secured in the preparation of books deal- 
ing adequately with topics of general interest; it is earnestly 
hoped therefore that every member of the various organizations 
in the chemiciil and allied industries will recognize the impor- 
tance of the enterprise and take sufficient interest to justify it. 
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AIJTnOR\S PREFACE 


In tlin docndo proeoding the recent European war, the sub- 
ject of photo(‘h('mistty first began to receive attention commen- 
surate witli its gr(ait importance. The experimental and theo- 
retical aspec^l^H of tlic subjcMvt were presented in the well-known 
works of Plotnikow, Weigert, Sheppard, Bcnratli, and others. 

Tlie (*,Ii(‘mi(*4il ontud-s iiroduced by some of the other forms of 
radiant eiuirgy or matter liave also been investigated, more or 
less fully, but the experimental results in this field have not 
liitlierto hmx brouglit together in monographie form. The c.hcmi- 
eal effo(‘ts of tlic various kinds of corpuscular radiation may be 
regarded as constituting one division of the general subject of 
raduH'hvmkiry (as defined in this monograiih), of which photo- 
chemistry ])roj)(‘r forms anoUier division. Tlie various effects, 
Hindi US those of a and [i partiides, liigh velocity electrons, posi- 
tive rays, recoil atoms, eti*., have been regarded as being so in- 
directly related eitliiT to ifiiotochemistry or to radioaetivity, that 
they have renauved rather scant treatment in the standard 
irc'atiHeH on those two subjects. 

It is the ohji'(‘t of this monograpli to collect the experimental 
material and, as far as possilile, to iirescnt it in mvlx a way us 
to emiihaHiz(‘. tlu^ ridations between the cluanical effects of the 
materkil and of the photochnniml radiations. The thcoreticuil 
dovelopnnait has also been carried ns far as tlie available data 
permit at the present time. In the main, howe.ver, the subject 
is still in the empirical stage and must await further evidence 
as to the behavior of individual atoms and gaseous ions before 
final conclusions (‘un he drawn regarding the exai’t mecluinisins 
of the radiochemical reactions. 

The Ilehl of idiotochemistry has been touched upon, in the 
present work, only in comparing the nature of the various nulio- 
chemieal effects, and also in connection with the ICinstciu photo- 
chemieid efiuivalence law. which hIiowb a (dose analosrv with the 
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AUTHOR’^ RREVAi'K 


A fairly full consideration of the (‘xpcriiucnlnl Icsls nf I lie plit 
chemical equivalence law ai>pearc(l (o have aililifional jiisliC 
tion, from the fact IJiat the recent eviileiu-e has mil yet !■ 
treated in the standard texts of phoi.neliemisiry. 

The subject of radioaetivily has liemi iiilnidiieed imly ii 
far as was necessary to alTord an insiKht inlo the prhieiph-s 
technique involved in th(! utilizalion of radioaelivi" snhslai 
as sources of radiation in the. production of the chemical 
fects under consideration, h'or llii' radioactive data inclmh‘i 
this monograph, the writer is indehled to the following le: 
Rutherford’s “Radioactive Substances and Their Radial ii 
(1913), Mine, Curie’s “Traite de Railioactivile" iHIKli, Mi 
and V. Schwcidler’s “Radioakliviliit" l lilHii, Rragu's "Slndie 
Radioactivity” (191.2) i and to ,1. ,1. 'riiomson’s "Hays of 1’ 
tivc Electricity” (1913). 

The writer is also greatly indehled to llu' cooperation of 
Editors of the Scientific Monographs of the .\nierican ('hem 
Society, who have supervised (he puhlication of the pre-eiil im 
graph, to Dr. (1. L. Wendt of the Ihiiversily of Chicago 
his very helpful suggestions and criticisms, and to (he Chein 
Catalog Company, Inc., which has ellicienlly carried out 
plans of the Editors. 


CONTENTS 


PAOK 

Chaptku 1. IlAmocinoMiSTOY 17 

1. Dcrmitioti of IliulKipliouiistry. — 2. Iludiant Energy 
und Mutter. — 3. Photo- and Padio-CJlioinistry. 

(liiAi'TKa 2. BmioK Oittiank of Radioactivity and Some 

Pkoi'iortieh of the Radiationh 20 

4. Nature of Radioactivity — Rutherford-Soddy Ily- 
pothoHiH. — 5. Rudioaetive Phenomena. — 0. Kinds of 
Radiation. — 7. Radioactive PamilieH and tlieir Trans- 
fornuition I’roducts. — 8. Radioa(!tive lOquilihriuin. — 

9. Kinetic lOnerny of a Particlos. — 10. RanRC of a 
Partick'H. — 11. Ionizing Power of a Particles. — 12. 
Enumeration of (x Particles. — 13. Some Additional 
Properties of « Particles. — 14. (Ihuracteristies of 
Memhers of (he Radium Family as Sources of Radia- 
tion. 

CiiAPTEit 3. Edectiuoal Efpecth — Ionization . . 37 

in, Saturation (Current as a Measure of Ionization. — 

10. Ionization by Electronic Shock. — 17. Some Prop- 
erties of [I Jhirticles and Electrons. — 18. y Rays and 
X Rays. 

Ciiapteh 4. Quawtativk Radiochemical Effects . . 46 

19. (lerKTal (llassification. — 20. (Qualitative Observa- 
tiiniH. -21. dolorntion and Decomposition of Radium 
Salts. 22, (’-oloration of (llass and Minerals. — 23. 
Thcrmo-lumiiu'scenco produced by Radiation.— -24. 
Luminescence und Pliosiihorcscence produced by 
Radiation.-- 25. (ieneral (’-liaractcr of the Chemical 
Effects of the Rays of Radium. 

Chapter 6. Chemically (Quantitative Investioationb in 

Liquid Systi-ims 51' 

26. Decomposition of Water by Radium Salts in 




(JHAPTER 0. XVEAUXlUiNtl jl Kujiuv 

TiON. (First IOxi’krimknts) . 

29. Radium Kmmiiition ns u Source of l{ailialiou. 20. 
Experiments of (iuuuu'on nud Itniiisny, dl. I'lXperi- 
ments of Usher on the Animonin l'’,((uilihriuiu. 

Chapter 7. RKiATroN retwekn ( i.isndu.s Iomz-vi ion* a.mi 

RADIOClIEMKJAIi I'lSEKO'I’S 

32. Historicnl De.veloiiiuent of llie loiii/.nliini 'riieory 
of the Cliemicnl lOITccIs of ( 'orimscular Hmlinlioii, 

33. ProdiR'.tion of Ozone l)y_ tt Partiedes. IM. Other 
Gas Reaetioii.s.- - 3r>, ( ’.‘dculalion of the .\ver;it.',e Path 
of nc PartiehiH.- fh) l{esiill.s of N’arioiis luve-'l 'm.a! ioir^. 
37. Rcaetioiis.il) l;i(|uid Systems Results of Ouaiie 
and SehewT on l.lie Decomposition of Water, lee and 
Water Vapor.- 3H. lOxperimcnIs of Sciieiier on tlie 
Formation of Water liy u Radiation, 311. F.vperi- 
ments of Wourl.’/.el on tin* Dccnmpo'^^iiinn of Oa-es, 

Chapter 8. KmKTi(’,s ok the Ciikmii'.vi, Ri:\i 'iiiins Pro. 

DU(JEi> nv Radium I'lniANA'i'toN 

40. Classification of tiu' i{eactiuns. II, I ievelopnu'nl 
of General Kiiu'tic l'I(|uation for I lie .Vision of iMiinna- 
tion ■when Mixed with Gases in Small Volume'.. 12, 
Application of Kim'lic. Riinaliou to I-ixperimenlal Ri-- 
suits. — 43. Inlluence of the Size of the Re;ieiion Ve-'-el, 
Law of the Inver.se Square of the Diameter of the 
Sphcre.--44. Use of Kiiiidic Results to K\':duaie M/X. 

Chapter 9. AnnmoNAn RK.n.vrioNsiiie.s ok •itii; Rm.io- 

ClIEMICAI/ hlKKEOTH 

45. Influence of Varying the Proportions of Ihdiogeu 
and Oxygen. 40. Action of u Ray.s on Pure D\\ gen 
or Pure Ilydrogeii. 47. CoinfiariMUi of the ( ‘hemieal 
Effects of a and of Petiel rating Ravs, IK, General 
Discussion of fonic-Ghemical Ktiniv.alenee, p.l, IX- 
ccptiqns to Tonic-(tlieinicaI Kqttiv.alenee. Reaeiu.ns m 
which M exceeds N. 50. Reactions in vvluel, N ex- 
ceeds _ M.— 51. Energy Utilization of u Ra\ s m 
Chemical Reactions. 52. ('hi'inieal Reaeiion Pro- 
duced by Elec.trieal Diseliarge in Ga-e'.. .53 Pnidijr- 

tion of Free Electrical t'liarges by ( ‘hemie.al Aefion, 

CtlAPTBR 10, PlIOTOCniEMIfAn EylUVAI.KNi >; !,.\\v 

64. Einstein’s Application of the gnaiiliuii 'Pheorv lo 
Photochemical Action. 55. Exfierinienlal 'Pe.si.s m n... 


CONTENTS 


11 


TAGB 

Ijaw of Photoolicinical Equivalence. — 50. Comparison 
of Pliotoclionucal J'kiuivulcncc I^iw and lonic-Clicmioal 
likluivalencc. — 57. Mec.lmnism Proposed by Nernst for 
ihc Hydrogen-Chlorine Photo-llcaction. — 58. General 
Radiation Theory of Chemical Action. 

CiiAPTiott 11. PosiTivK Rays and Recoil Atoms . . 148 

59. General Nature of Positive Rays. — 00. Thomson’s 
Method of Positive Ray Analysis. — 61. Isotopes of 
Neon.— 02. Dise.overy of (Ither New Isotopes by Aston. 

- -03. (R'nerul I’roperties of Recoil Atoms. — 04. 
Chemical Reaction produced by Recoil Atoms. 

CiiAi’TOH 12. Atomic; Hibinteouation by a Particlrb . 162 
05. Hcaittering and Impacts of a Particles. — 06. Swift 
Hydrogc'n Atoms. — 07. Decomposition of Nitrogen and 
Oxygen. — 08. lOxiicrimcnts of Rutherford with Other 
Light Atoms. — 09. Artificial Radioactivity. 

Indk.x oic vSui).tmc:ts 173 

Index oe Amnions 178 




TABLES 

Subject 

HOMnnn , paob 

I. Uranium-lludium Series 28 

II. Stopping Power and Ionization of a Particle . 33 

III, Decomposition of Water by Emanation (Cam- 

eron and Ilamsay) 69 

IV. Formation of Water (Moist) by Emanation 

(Cameron and Ramsay) 71 

V. Formation of Water (Dry) by Emanation (Cam- 
eron and Ramsay) 72 

VI. Radiometric Method to Determine Range of a 

Particles 78 

VII. Chemical-Ionic Equivalence (M/N) . . 85,86 

VIII. Decomposition of Water, Ice, and Water Vapor 

(Duane and Bchouer) 89 

IX. Decomposition of Gases by Emanation (Wourtzel) 93 

X. Application of Kinetic Equation to Results of 

Cameron and Ramsay . . . . 97, 98 


XI. Application of Kinetic Equation to Results of 

Lind 99 

XII. Effect on the Velocity Constant of Varying the 

Diameter 101 

XIII. Effect on tho Velocity Constant of Excess of 

Hydrogen 109 


XIV. Effect on tho Velocity Constant of Excess of 

Oxygon 110 

XV. Primary Light Reactions (Bodenstcin) . . 134 



14 


TABLES 


NtTMBlDIl 

XVII. Test of Einstein’s Photoclicinical Ecjuivnlcnco 

Law (Frl. Pusch) 139 

XVIII. List of New Isotopes by Positive llay Mctb(xl 

(Aston) 163 

XIX. Chemical Effect of Recoil Atoms — ^Data and Cal- 
culations (Lind) 167 

XX. Analysis of Recoil Atom Effect (Lind) . . 160 

Appendix 

A. Rate of Decay of Radium Emanation, c"’^‘ 

(Kolowrat) 170~171 

B. Radioactive Isotopes (Fajans) .... 172 



ILLUSTRATIONS 

NtJMnmi Subject 

oir irio. 

1. Ionization Curve of an a Particle . . . . 

2. Curve of Saturation Current and of Ionization by 

Electronic Shock 

. 3. Apparatus of Cameron and Ramsay for Gas Re- 
actions (Emanation) 

3a. Apparatus of Cameron and Ramsay for the Decom- 
position of Water 

4. Apparatus of Cameron and Ramsay for Various Re- 
actions 

6. Diagram for the Calculation of the Average Path 

of a Particles in a Sphere of Diameter less than 
the Ranp;c (Lind) 

0. A])i)aratu8 for the Combination of Hydrogen and 
Oxygen (Emanation) 

7. Curves showing the Chemical Effect of Recoil 

Atoms (Litui) 


rAOH 

30 

38 

67 

67 

68 

82 

100 

158 




THE CHEMICAL EFFECTS OF 
ALPHA PARTICLES AND ELECTRONS 


Chapter 1. 
adioeli eini Kstry . 

1. Definition of Radiochemistry. 

The rclationBhips existing between the various forms of 
energy and the transformations of the different kinds into one 
another arc of fundamental importance in the physical sciences. 
The chemist is primarily (•on(‘erned with those transformations 
in which chemical energy is one of the forms involved. Thermo- 
find elcctro-cliemistry represent two of the most highly devel- 
oped branches of ])liysi('al chemistry and deal with the relations 
between c.homiciil energy on the one hand and thermal and elec- 
trical energies, respectively, on the other. Of no less importance 
are the relations between chemical and radictnt energies, which 
constitute a subject that should, according to the same system 
of terminology, be designated as mdiochcmistri/. 

The term radiochemistry lias already been used otherwise by 
some authors to designate the chemistry of the radioactive elo- 
ments and of their transformations by atomic disintegration. 
Since this more special usage is relatively new and not thoroughly 
intrenclied, and since the term radiochemistry is the only logical 
one to conform with such terms as electro-, thermo-, photo- 
chemistry and radiotherapy, it appears desirable to adopt the 
use of the term radiochemistry in the broader sense, exactly 
analogous to and including tluit of photochemistry, in the sense 
that all relations between chemical energy and any form of 
radiant energy or matter should bo eomprehended by tlio term 
radiochemutry. 
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2. Radiant Energy and Matter. 

In the strictest sense, perhaps, riulioclKanistry should deal 
only with truly radiated energy to the exedusion of (he kiiielh! 
energy of projected particles of matter siudi a.s u paitieles or of 
electrons and fl particles. This would praelfeally narrow (ho 
subject to that of photochcnd.stry itself. It is not only a mailer 
of convenience to include also the relations involving lualerial 
particles, but the relationships and reaet/ions are. in many ways 
so similar, and the analogies of .such far-reaching import ance, 
that it forms one of the chief ohjcuits of (•he prt'scidi work (o 
treat both from tlic same standpoint, without any particular 
distinction as to the vehicle of the; mdinted (au-rgy. 

The forms of radiant energy or matter (o which attenlion will 
be given are; a and p part, ides, y rays, naadt a(.oms, positive 
rays, electrons including the various forms of clcd rival iliseharge 
such as corona, silent and spark discharges, and, io a certain e.x:- 
tent, visible and ultraviolet light and X rays. 'I'he diflVreiitia- 
tion in terms involved in the usage a or (I ‘parlirlc. .and y ran 
will not bo adhered to strictly. Tor the Hak(! of hrindly, frc{> 
use will be made of the older tcrni.s a and (I rays. 

3. Photo- and Radio-Chemistry. 

A full appreciation of the vastly import aid. function of light 
in our terrestrial economy, hot.h past and present, in transform- 
ing and storing chemical energy will serve io einplinsize the im- 
portance of photochemistry. While it can nut he claimed Ih.at 
cither the recognition of the relative i>osil,ion of phnfocli<-miNlry 
or the actual beginning of the scicaice is tunv, it- is oidy williiii 
the decade preceding the recent lOuropeaii war that its develop- 
ment may be regarded us eommensurate with ils preemini'iit im- 
portance. Compared with the. stale of development in fliermo- 
or electro-chemistry, photocliemislry must. lie concede.l to he in 
its beginning and not yet past the first st ages of eminrii’ism. 

It appears uimcc, cssary to seek far ntield, as some mil hors 
have done, for tho causes of the slow (Ievelo])ment of pimto- 
chemistry. Tho earlier dovidopment of one of its lecimieal 
branches, photography, doubtless contriimfed to (lie negleet. of the 
mother science, as has been suggested liy Luther,’ hut oilier <■011- 

>P. T/iitlicf, Punseii^'csi'IlHcli, lllO.S; y.tiii. /, KU-ktrwhnn , i), M.*. r.;!, 
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tributing factors demand consideration, such as the difficulties 
presented by the intricate technique of photochemical experimen- 
tation, tlic necessity of awaiting progress in the sciences of radi- 
ology and of atomic structure, and also the early unfortunate 
overemphasis of the catalytic nature of photochemical phe- 
nomena. 

As has been stated in the preface several treatises have ap- 
peared wliich deal very adccpiatcly with the subject of photo- 
chemistry. It is not the purpose of the pi'cscnt monograph to 
duplicate this licid, but rather to attempt to extend it by pre- 
senting the experimental results of the investigation of chemical 
reactions brought about by some other forms of radiant energy, 
such as electrical and radioactive (lisc.hargcs, with the object of 
pointing out those analogies and differences which appear to 
exist. 

The general subject of radiocliemistry is, like photochemistry, 
still in the expcirimental stage and must be ap])raachcd from the 
empirical side witliout any expcctatioti of arriving at once at 
final i)rinciplea. It is therefore the obje(‘.t of this work to present 
the (^x])erimental results for the chemical effects of some of the 
other forms of radiant energy than light in the hope that tlicir 
examination and comi)arison with the results of photochemical 
investigations may contribute to a somewhat more comprehon- 
sivo view of the field of radiochomistry ns a whole. Although 
the branch of radi()(*hcmistry to be treated is of recent develop- 
ment and has been open, on aeeoimt of the ^scarcity of Bomo of 
the nee.essury radioactive material, only to a limited number of 
investigators, nevertheless, very definite results have been ob- 
tained for a few roae.tions and some principles have been estab- 
lished that a])])eur to have fairly general applicability. 



Ohnptc!!' 2. 

Brief Outline of Kadioiudiviiy and Some Pi-opcriics 
of t.lic RiuliidionH. 

4. Nature of Radioactivity— Rutherford-Soddy Hypothesis. 

While it lies outside tlie province of rndioclieuiistry (o con- 
sider the subject of radioucUvity in ifs enlirety, it is itnpos- 
sible to treat the chemical eflVi'fs of (lie radiations uccompauy- 
ing and produced by radioactive cliangcs witlioni giving some at- 
tention to the various radioactive elenienis anil llanr radiations. 

Historically it is interesting to reenll I lint, the diseoveries 
both of X rays by Itoentgi'ii and of radionelivo radiations Ity 
Becquerel were made tlirongh t.he means of their rnilioehcuiieal 
actions on the photograph ie plal<‘. Alllioiigli other more (aui- 
venient methods of investigation were .soon develoiied, (he phoio- 
graphic method has continued to play a rdle of some impor- 
tanco. 

The continuous emission of heat and of radiations was nne 
of the first properties of rudiouelive suhstanees to la- oliserved, 
and also proved to be one of the most juiw/.ling since it appearett 
to contravert the law of the eonservalion nf energy. In looking 
for a general theory of radioactivity it a))pcared to I'ierre Curie 
and A. Laborde^ not impossible that radioaetive matter might 
be merely the receptor of a form of radiant energy coming from 
extraterrestrial sources and eaiiable of nffeeling uiily the ele- 
ments of heaviest atomic wciglit. To aseertiun if the sim might 
-be the source of the supposed radiant energy, comiinrisuii was 
made of the activity of a radioaetive snbstanee measured jU mutu 
and again at midniglit to find if tlui interposition of the earth's 
thickness would diminish the, activity, A negative result was 
obtained. 

Although it was curly suggested that radioaelivify is purely 



cessivc atomic disintegration which explained all the phenomena 
exhibited by radioactive substances, and left no doubt that the 
source of radioactive energy and radiation is from within the 
radioactive atom itself. All subsequent investigations have only 
strengthened this hypothesis, until now it is supported by a chain 
of evidence, both experimental and theoretical, which is unique 
in its completeness and perhaps without parallel in the physical 
sciences. 

6. Radioactive Phenomena. 

Radioactive substances exhibit the following striking prop- 
erties: 

(1) The continuous emission of heat. 

(2) The continuous emission of certain rays and particles. 

(3) The production of luminescent effects in some sub- 
stances. 

(4) The ionization of the surrounding air (or of other 
gases). 

(6) The production of chemical reaction in substances 
subjected to radiation. 

(6) The production in some substances of certain effects 
such as color, thcrmolumincscence, etc., which may or 
may not be due to chemical action. 

The most notable of these phenomena is the emission of 
electrically charged particles at high velocity from the radio- 
active atom, due to some internal disturbance of the electrical 
equilibrium of the atom, the cause and exact nature of which 
are not yet wholly understood. All of the other phenomena 
enumerated may be regarded as secondary effects of the radia- 
tions. 

6. Kinds of Radiation. 

Three distinct kinds of radiation are emitted by the various 
radioactive substances: a particles, p particles, and y rays. 

a Particles. The corpuscular nature of a particles was first 

•Butliorfora and Soddy, Phil. Mao. (0) 4, 870; Mfl (1002), 0, 441; 67fl 
(1008). 
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■suggested by Mmc. Curie* in 1900 to explain (lu! lu-culiaritic 
■of their absorption or loss of energy in passing (hroiigh inutiei 
Strutt* suggested their being positively eharged, Huttun’ford 
'demonstrated their deflection, belli by niagnelie. and by eleelriea 
■fields. Later Rutherford and his eo-\vor!ci‘rs " showed (hid. n par 
■tides are doubly 'positively eharged helium atoms. 'I’hey an 
emitted from the radioactive atom at a very high initial velueit.) 
(1/15 to 1/20 'that of light), and since they i)OH.se.w.s inas.s o 
atomic dimensions, they repre,sent an enormous eoneeniration o 
kinetic energy. In fact tlic a particle, is the most powerful agent 
yet known to science and in all probability will rennun so, as it 
is hardly conceivable that any means will ever be devised ol 
imparting to ponderable matter a velocity exceeding that at 
which the a particle is disiiolled from the attnnie nucleus. It h 
therefore not surprising that we find in the u partieli' a powerful 
agent in bringing about ordinary ehemieal changes in matter 
with which it comes into eontaet., lint, ns Hntherford ' has re- 
cently shown, at least two kinds of atoms (nitrogen and oxygen) 
when squarely sti'uck by an a particle are eoniplelely altered, 
producing hydrogen or helium atoms (see. ( 'hapler X 1 1 1 . Of the 
total 'energy' emitted by radioactive, suli-staiiees, by fur the larger 
proportion is carried by the n jmrlieles, and it is prinei[ially the 
tVa'nko'fmation of this 'energy that results in the produefinn uf 
the theriinal, electrical and chemical effects already refcrreil to, 

|3 Particles. The p particles emitted by radioactive matter 
.have been proved by numermis anlliuritie.s to eouNi.Mf uf elec, 
trohs, singly charged atoms of negative, electricity, ejerte.l fn.m 
.the nucleus of the radioactive atom at varying veloetlics, in snine 
cases appro'aehing closely to that of light. 

Y for a long time presented an unsolved problem as to 
their exact nature and origin. They are I'lnifled only by sub- 
stances which also emit p particles and evidently are l•nmH•l•lt•tl 
with this emission. It is now generally enneeded ilml. tltey con- 
sist of ether pulses of very sliort wave lengtli and ihi-refore have 
the general properties of light and may lie mowt ajifly eomparcil 

*MmG. ^Cplo, pomp, rend., 180, 7a (1000). 

'*R, J. Strutt* Phil, Trmis/llov/Mtia. A inn nn? 
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been, prodnecd. A fuller discussion of the properties of these 
three kinds of radiation will bo found in subsequent paragraphs. 

Recoil atoms also constitute a form of radiation that has been 
shown to produce chcinical effects. A recoil atom is the re- 
luaindor of a radioactive atom just after the emission of an a 
(or (f) i)articlo while it is still in rapid motion owing to the “re- 
coil” action. Ionization and other radiation effects arc produced. 
Further reference ty recoil atoms will be found in Chapter XI. ' 

7. Radioactive Families and Their Transformation Products. 

Of the common elements only two, uranium and thorium, 
have been fcnnvd to possess distinct radioactive properties. Each 
of these two elements is the psircut of a series of i-adioactivc cle- 
meuts undergoing atomic <locay. There is also a third family 
having as its parent, actinium, an element of very rare occui’- 
rence, apparently a side-chain offspring of the uranium series. 
These three families comprise about thirty-five members which 
differ from each otla-r in chemical, physical and radioactive prop- 
erties, the latlcu' heing characterized by the radiations emitted 
and by the ralxi of change of one element into the next lower 
member in the series. Employing tlic usual terminology of chemi- 
cal kinetics, each simple radioactive change has proved to be 
morw-molcnUar, and not only corresponds perfectly to the re- 
quirements of the logarithmic equation of the so-called first order 
reactions, with respect to time rate of change, but the rate of 
change persi-sts unaltered no matter to what physical or chemical 
induene.es it may be sulijected. A simple radioactive trans- 
formation represents par cxccUcnco the first order reaction. 
The rate of change is usually formulated as: E=Eo.c“^'^, in which 
Eo is the initial (piantity of radioactive material undergoing 
change, and E the (juantity remaining unchanged after the lapse 
of any interval of time t, c is the base of the Naperian logarithmic 
system, and X is the decay constant, by which is meant the frac- 
tion of the total which changes in unit of time; X is the recipro- 
cal of 0, the "average life" of a radioactive element, which is not 
to be confused with the term “half period” of the element. The 
half period is the time in which just one-half of the initial quan- 



tity undergoes ehungc; iind, us is also tiu* uum* ha* all lir^t tu'dc 
reactions, it makes no dinViTiicc wliat time nr ijuandly i 
chosen as initial. The irlntimi Ix'lwccu llu' Ivvn avernuf lif 
(e) = half period x nab, loK 2 ( 1.M2HI. li may lu- m.'ti 

tioned that the nsnal form of Iho tlilTt-rt-ntial fniiatiim I’nr tir.- 
order reactions, dx/dt^klA-xl^**’ can he readily eunverteil iiil. 
the form given above for radioactive changes, 'I'lie average lif 
for a given element is ihs most fuiidaiueiilal pliN.'-ical ennstaiil 
and is found to vary for the difl’erent elements front ti vi-ry siutil 
fraction of a second UJ) to severtil hillion yetir.s. As far .as knowi 
the reactions are irreversible. 

Uranium and thorium are Hit' two elements jiosM-.sing th 
highest known atomic, wt'ights, tuid the property of radmaetivit,' 
does not .seem to bo i>o.sses.setl by elements of aitunie weight les 
than 210, excepting, ])erlmps, pottissium tmii ruhidmm. wine! 
have been shown “ to emit. (1 rtiys. 

According to the Hnl.iierfonl anil Smldy hypoihesi.. one !tlon 
of a radioactive sub.sttmee A elnmge.s to form one .-itoni of .siih 
stance B, and in eiase of the eniis.si(in of u pjiriieles. one ;itom o 
helium is ejected from oiicli tilom of in chfinging to H, It fo! 
lows that B must Inive tm idomie wt'ight four mills lower thin 
that of A, also that the enumendion of the a parlieles emit lei 
serves as a mensure of the rate and (Hiantily of eliange, and idsi 
that the accumulation of lielimii gas over a known period ma\ 
serve as a measure of the same coiisiuntM; or, nVe (ir.sn, if tin 
rate of change be known, the aeeiimulatioii of helitim is a mean 
ure of the period of time during wliieh (he iieemmtlntton Ini 
taken place. Ilcfcrcnec to the fuller texts on radmaetivily ‘ 
will show that all these factors have been iiliundanliy venited ex 
pcrimcntally and fit into the network of evidenre eontininni 
the Rutherford and Hodcly theory of radioaelive elmiige. 


8. Radioactive Equilibrium. 

Although the radioactive elnmge.s, ns iilready slated, are ir 
reversible and hence incapable of iittaiiiing n slate of eijtniilirniii 

(') S. li. niRolnw, "'llii'iiri-tlcal ami l*hyi.|iT,| i>ii,.,„iMr}.'‘ e 
K. (}. Falk, “ChoiiilHtry of KuKynicn Artlonw^** p. U'i (Hiuit. 

®N. R, Camiibell and A. Wood, /Voc. (’amU Phil. Nttr , H, \T* uihiTi 

Riithorford, ‘‘RndJn/udlvn HidfHtfUiH'H and Tludr Rtidhif %Unr 

Kadloncdlvlt^" (lUlO). M»‘yfr «tid van -liiidi., 
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!Uk 1 OIK! or more of its dcco'mposition products. This occurs 
through the cihiingc of the product, not back into the original, 
but into new products at the same rate that it is being produced 
from the jiarent. Thus the jiarcnt element, which is producing 
its do(!ay product at the same rate that the latter is undergoing 
further change, has attained a state of dynamic equilibrium in 
whic'h a constant ratio between the iiuantitics of the two elements 
involved is maintained. Such radioactive equilibrium may apply 
to a whole family or to any part of a family, beginning with a 
parent element of longer life than its products. For example, 
uranium in nature, after the lapse of geological ages, is found to 
be in eciuilibrium with all the mennbers in its family. Radium 
attains eipiilibrium with its next succeeding decay products in 
about one month, wliilc radium emanation reaches equilibrium 
with its immediate products in four hours. 

From the physical-chemical standpoint those equilibria rep- 
resent nothing different from what one should expect from a se- 
ries of HU(!ceHHivo irreversible mono-molecular reactions. By 
the. superposition of equations of the first order Rutherford has 
dealt with the equilibria, which on the whole must be regarded 
as the most complete aeries of successive reactions known to 
physical chemistry. They may appear intricate on account of 
their number, but otherwise they are wonderfully simple and free 
from ('omplications such as would arise in the treatment of ordi- 
tmiy chemical reactions. 

From the radioactive standpoint the dynamic equilibria are 
of great importance from the following considerations: When 
two or more radioactive elements arc in equilibrium, the number 
of atoms of each element being formed and decaying per unit 
of time is tlio same. Througliout a whole system of elements in 
radioactive equilibrium, the number of atoms of each element 
changing per unit time is identical and is also measured by the 
number of a particles being emitted per unit of time by any 
member of the system. This means of course that equilibrium 
quantities of all elements in the same radioactive family emit 
the same number of a particles per second. For example, if one 
gram of radium emits 3.72x10'° a particles per second, that 

Rutbi^rford, ’‘Radloaetlvo BubttancMi and Tbelr Radiations/* Chapter 11. 
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quantity of any othor nionilMT of (ho uranium I'amily wliich 
would be in equilibrium with one gram of radium w.itiM al^t 
emit the same number of a particles per secmid. 1 his makes it, 
■ evident that in ehosiug unils for radioai-tive eli-m.-nis i( is imu.h 
simpler to deal with the relative e<iuilihrium <|Uamin.-^ railier 
than with absolute musses, particularly sim-e many i.i ihe radio- 
elements can not bo obtained in itonderahle iiuaniiiie^ ;ind are 
measured only through some radiant properly. Such a system 
of units was devised and adopted at the ilircimii ot ihe Inter- 
national Congress of Kadiology and Mlccirieiiy. Hne d-’. lii|t). 
One gram of olemoutal radium was clioMn as the Im^ic unit, 
Standard preparations of radium were prepared i<y Mine, (’urie 
in Paris and by Ilbnigschmid in Vienna from whieli eeondary 
standards^ have I>een furnislicd to all the jirineipal enuntries 
for the standardization of radium liy means of its y radial ion. 
That quantity of any other nieinher of the uraiumu family in 
equilibrium with one, gram of radium has heen ealh-d tin- ria-ii-, 
a unit which has come iiilo universal it-e for l a'lmm em iiiaiion, 
and which has been subdivided inio milH- and mn ro c uin ■. • ig- 
nifying the thousandth and millitmtli pml.s, re peeiuelv. 


9. Kinetic Energy of « Particles. 

Since all a pnrtiidc-s are, doiihly charged helium aiMina it is 
evident that those from (he dilTereiit radioactive -mh i niee - eau 
differ from each oilier only in Ihe initial velm iiv wiili wldeh 
they arc emitted; nml that fnrtliermore, vvlo u one u p.sihelc has 
lost velocity until it liu.s jii.st heeome eipia! in vel..t itv lit one 
emitted at a lower value, from that point on the iw.. udl have 
identical properties in tlie Kimie medium. ‘11. e e • rq. ik.-uIs 
have been fully proved by W. H. Kragg” who h e. ah., dtowu 
that all the a particles eniilled hy the vam.- kmd of r idi.iaetue 
substance have the same initial velocity, vvlueii m« ,m ■ il.:i,i they 
arc possessed of tlio same kinetic energy and in the ' .side mi dniiii 
will have the same pcnctriiting power and other prop, iin ■, idmli- 
cal. 

“Meyer anfl V. SdiweldliT, "ItnillimkUvnai" <nniO, j. ctn 

“W. H. Brngg, "Hludlm tii ltiidlim.-mny'‘ jlinv.; „,.,t 

pm. Mao. (0) 10, 81S 40; 11, 400 W. \t. Ilr«gt. iha , u, i.tl :v.' la r,..?- 
10; 14, 425. 



10. Range of a Particles. 

Tlio (liHtanco which an a particle can penetrate in a given 
medium hefero ita kinetic, energy is dissipated is called iia range. 
The r!ing(^ usually refers to a gaseous medium, but the same 
term is u.sed for iKuietration in lupiids or solids. It is believed 
that at the. end of its range, as observcal by the cessation of 
gaseous ionization, the kinetic, energy of an a pai’tielc is re- 
duced practicadly to zero, tluaigh there has been some question 
on this poiid.. It has been shown hy Duane that the n particle 
loses its ahility to produce; ionization, lunnnescencc and chemical 
action sinmltaneously. lOither ionization or luminescence may 
bo used to deUa’iniiK; tlie range, preferably the former. 

Tlie following Tid)le. I shows tlie memhc.r.s of the uranium- 
radium family in the order of tlieir seciuence, indi(;atea the kind 
of radiation n(;compnnying each transformation and its half pe- 
riod; and for a parti(deH shows (he rai;go in air at 15" and 760 
mms,, the initial velocity, and the total number of pairs of ions 
produced by a single n particle; in its whole range. 

11. Ionizing Power of « Particles. 

An a particle projecled from an atom with enormous velocity 
travels in a slrniglit line penetrating all the. atoms en<;ountcrcd 
in its path, liy perulration is meant that the (x partic.le passes 
through the ('leclrieal (itdd due to the electrons surreamding 
the atomic, mudeus of jxisitive <'hnrge, as conceived in the Ruther- 
ford-Bohr ntomie model. According to RntluTford’s idea, re- 
sulting from (he study of the (Udlections of a particle's near the 
end of their iialhs, an atom consists of a very small positive 
nucleus with an elemental charge a little loss than one-half the 
atomic weight, surrounded hy electrons equal in number to the 
I)ositive nuclear charge, siBiated in rings at relatively great dis- 
tance from tlie positive mielens. A(;eording to this idea of 
atomic structure which has now become generally accepted, it 
is evident that un a particle may pass through a largo, number 
of atoms wittiout ever coming close enough to the nucleus to 
have its eour.se nUeml, us long us its velocity is groat. 

'* Will. Hunni'. rcimii. rrml., /id, O.'iS (1(1 (liltiS). 

Ilittiu'i'roril. Katun-, 112. S'.'.'l (lIlUl; riiit. Uuu. nil 27. 4SS IIS (llIH). 
N. lUilir, Vbtt. ilaff. (Il) 20, 1 »•'> ; 470 002: 8CT-75 (1013). 
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As may be seen in Table I, a single a particle from Ra C 
produces in its entire path in air 237,000 pairs of ions, which 
means that it detaches this many electrons from the atoms en- 
countered. Using his classi(!al oil droplet method, Millikan 
has recently shown for several of the common gases, including 
air, that only one elc(‘.tron is detached by an a particle from 
each molecule, leaving a singly positively charged residual mole- 
cule or ion. This process of ionizing requires a certain expendi- 
ture of energy which continues to lower the kinetic energy of 
the a particle by reducing its velocity until it is no longer able 
to produce ionization, which marks the end of its range. Unless 
acted on by an external elcc.tric.al field the positive and negative 
ions thus separated would recombine and the net result of the 
expenditure of energy would be the production of heat (assum- 
ing that no permanent chemical action has resulted) ; or in- 
versely, the heat evolution of radioactive substances emitting 
a particles is a measure of the total energy available for ioniza- 
tion. From a knowledge of the total number of ions, the energy 
necessary to produce one jiair of ions in air has been calculated 
to be 6.5x10“" ergs." 

The property of producing ionization not only constitutes 
the most delicate test for radioactive substances but also forms 
the basis of their (luantitativc measurement. Furthermore, as 
will bo shown in Uhapter VII, the relation between the ioniza- 
tion and the chemical effects of the radiation is in many cases 
of importance. In radiochemistry one is interested not only in 
the total ionization produced by an a particle but also in the 
distribution of the ionization along the path of the particle. 
This subject has been c.arcfully investigated by Bragg, Geiger 
and others.’" Fig. 1 represents the ionization curve for a single 
a particle from Ra C in air, in which the length of path is plotted 
as abscissai and the number of ions (pairs) as ordinates. 

The fonn of the curve shows that for the first two or three 
centimeters of path the ionization remains practically constant 
at about 2,2x10'* pairs of ions per cm. of path traversed. The 
number then begins to rise and increases quite rapidly toward 

“R. A. Rtllllkan, V. II. aottaclmlk, M. J. Kelly, P!iv>. Rw’. (2) IB, 1BT-T7 
(t02O). 

Rutlic^rford, “Radlonctlvti Sulmlftno(‘s and Thali* Radiations,*’ p. 169. 

w VV. n. Bragg* "Btudlos in Radioactivity,” Chaptors 8 and 4. 11. Gclgor, 
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the end of the ruiiKO and tlu-ii <h'(»iw alinu.sl. iilinijilly to /.iTn, 
The total number of ioiiH ])ro(lut’i‘il in fin* wlmli- is rvi- 

dcntly represented by the urea williin I hr nirvr. Siin-r <t par- 
ticles from any other fionree are idrnlirnl rxrrpi in inilial vrhir- 
ity, their ionization eurvOH would hr idmliral afh-r aiiv pnint af 
which they attain the same vrlority an (hat- n-pn-M-nlrd mt thr 
curve for Ra C. l''or exiiiniilr, the eurve for Ua A wmihl hr 
represented hy countinp; backward from (hr rml of thr mrvr 
4.7S cm., the length of the range of (hr n rays from i!a A. 
Similarly if either end of the ptdli of an u particle is incomplrfr 
through the intci-position of n imrtial Hcrrrn. or if (hr ray is 
absorbed in another medium before romph-iiiig its roitrx'. (hr 
effective ionization may still he ohtained hy rrfrrriiig «iidy to 
the effective part of tlic path. 
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It has been shown by Geiger^® that the ionization curve for 
an a particle corresponds to a relation between the velocity (v) 
and the range (R) of the form; v® = const.xR, and that the 
ionization, (I) = const.xR®/®, from which it follows that the 
total ionization of a single a particle (k) = koR®/®, in which 
ko is a constant with the value 6.76x10*. 

12, Enumeration of a Particles. 

From what has been said in the foregoing paragraphs it is 
evident that the c.ounting of the number of a particles emitted 
per unit time by any given radioactive substance is very impor- 
tant. Since the number being emitted from an active substance 
like radium is very largo (3.72x10*'' per gram per second), it is 
neccssai’y to reduce both the quantity of substance and the solid 
angle from which the effective radiation is received. Two meth- 
ods of detecting and counting the particles have been employed: 
(1) by observation of the number of scintillations produced on 
a pliosphorosccnt ZnS screen under low magnification, each 
spark corrcaiionding to the impact of one particle; (2) by ob- 
servation of the number of deflections of an electrometer in se- 
ries witli a condenser in which the a particles are received. 
These two entirely different methods have given concordant re- 
sults for the value for radium."® From the statements in § 8 it 
is clear that any other member of the uranium-radium series 
wliich emits a particles will emit this same number per second 
from the equilibrium quantity. For exainplc, the emission from 
radium in equilibrium with emanation, Ra A and Ra G will bo 
four times the number per gram of radium; the emission from 
one curio of emanation in equilibrium with Ra A and Ra 0 
would bo three times this same number. While the number, 
thirty-seven billion helium atoms, ejected per second from one 
gram of radium, appears very high, it should bo remembered 
that at oven this rate of decay, the half period of radium is 1680 
years, accounted for by the tremendous number of atoms repre- 
sented in one gram or even one cubic centimeter of a gas, which 
is of the order of billions of billions. 

>• H. Oelger, Proo. Roy. Boo., 88A, BOS (1010). 
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13. Some Additional Properties of a Particles. 

The great kinoUc (Miergy pns.^csst'ii Ity :it> « jmrliflc ctu 
pared with that of even tlio swifti'.'^l (! p.nrficlf (nutglily 1i 
times as great) is due to (he large iiiass of (he funner, appno 
matcly 7,000 times (lint of an eleetroii. 'I’lie a ]tiir(ii'li' eoHid 
with a large miinher of mnh'euh's in a short path, I Inis limiiii 
its total ponetrat.ing janver in s])ile of its great tnoinentui 
Hence a parl-ic.lea must he classed as taiii-petieirating radiatin 
As may bo seen in d'ahlc I, thi'v have ranges in air .it ontina: 
pressure of 3 to 8 cnis., and penetrate oilier suhstanees in 1; 
inverse order of the “stopping [lower" of the gi\en sttlnlanee. 

Stopping Power, 'Hu' (erin s(op|iing power of a .suhstatn 
referring to its power to sio[i a particles, was lirsl introduced 1 
Bragg.^'' rroeeeding from the genera li /at ion that the tt ioniz 
tion curves of different gases differ from each other only in 
shortening or lengthening of all the onliiiaies or abscissa- by tl 
same ratio, the following very simple proceiliire was projiosed 1 
Bragg. Instead of having to determine the complete curve 
ionization, for each gas it. is only necessary to tlnd the ioniz 
tion, J, at one particular point, A', in the path of an u jiarlieh*. 
r and R' arc the corre.s[ioii<Iing valin-s for air. the ratio of ll 
total ionization (k) in the two mediu may then he expressed 1 
llI/RT'=:k/k'(l) ; and putting k', the total ionization for a 
equal to 1, the total ionization of any gas is referred to that 
air and may bo called the (olttl .s/im'/ie iaiiizotinn. Hut if it 
desired to refer not to the. total ionization, hut to that prodiiei 
along a certain length of path, whlcli is eviilently »ntiivaleiit 
referring to the relative ionization in a single molecule of eat 
gas, or in any equal number of moleculcH of eacb gas, one mu 
use the ratio I/F, which can he hIiowii to he eepud to HragM 
fcs, in which s is the stopiiing power, as follow.^: I’nifing ft 
reciprocals of tho ranges R and H' equal to s and s', tin- re-qa- 
tivo stopping powers, and substituting in (-qunlion il) ahovi 
I/R=ks/k's'=k8, by putting kV for air etpial to 1. 'riiis vati 
may be called the molecular speeilu- ionizafiou (lirngg’s ks) i 
distinguish it from the total specific ionization (k). In 'I'nlile 
will be found the values for a number of eiminum gases ai 

n+.T'tn'r on'Kofn-nn/ia 


TABLE II 


Stopping Power and Ionization (by a Rays) of Different Oases 
According to Bragg 



k X 100 

s X 100 

ks X 100 

Air 

100 

100 

100 

IL 

100 

24 

23.3 

n; 

96 

98.9 

94 

0. 

113 

106.4 

109 

CX) 

101.5 

98.5 

100 

NO 
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Stopping Power (a) ; Total Ionization (fc) ; and Molecular 
Ionization (fcs), 

Bragg’s generalization in regard to stopping power does not 
hold strictly for different substances but approximates closely 
cnougli to be of service for all practical purposes in radio- 
chemistry. 

It will also bo of general interest to note that the study of 
the stopping power of different substances for a particles is not 



34 TJtK anmiWAh KFFtn.s nr I it % t in* I i f i , I 


confituul to By flu* um* nf wry fliui f a M ivms t! 

Btopping poWH' of tin* hraVU M turf:d- Iia- !»• i li •!» f« ruiiur,l m 
unuy bo iruunlulotl inBt tt’roj> ni au* m|Uu.u« of anti li 

co-workorH have fauiitl r*/ i fl.ai fi.«' ^*i<|‘nur, pttutr.H 

tho various lui't ills an* propttrtit»ual it‘ i1a- . tti tht 

atomic weiKhls, Tho sauir n IaiiMit lui* luM^ appnAUuato 
even for gasoH as light as air auB h^»h«a'«ai. l»raog ha-^ nl 
found tho Btopping ptavrr !<» h** an aft^nur |aM|irU\ uhirh 
additivo in the taanpountls ut tin* t hua nt I L* ilttrH \\ 

hold, howovor, ftu* spi*<‘ilit* it»in/aii«»ii. uhnh i 1*^ an n»ra 
additive for naupiaimls. ’Tln^ not t lu* at fl.i? ?!.r inaiuMa' 
whioh the alums uro hold iHgfihrr ha a.n mitu* n» r mu tht- r.i 
with whioh oloolrtais mu In* dolat'hrti, ajid ta* » o i umw \^v 
orally agreed Ihal (ta* nlauo arr in !*! hi mr ,ir tU i 

cloctrouH, this reasoning apprar^^ all ih* nttm pl.in -ihli* Km 
T ablo II it eau be ohsorvi-tl Biai a^ lia utight 

chemical Hubsinnoes iuenaiM''^’. ihr m at r ii !‘«rMnit h»r a p: 
tides to pruduee ioniy.aticm in thmn 

14. Characteristics of Members of the Eadiiun Family 
Sources of Radiation. 

Up to tho present only nuanbrr^^ »»i i.^dmin t ia » hii 
been used quantitatively \n sitniving radnw h* mif d ril* ri 1 
members preceding radium in tlie ^rrn ^ ar*” hII m art 

that they do not come into rctu^idi-raUun aifiin ial nu 
investigating rndioehemienl eflVr!?^, hut m n.umr ihrv phiv 
r81o which will bo given speeiul ntteii!ii»n in -ime id thr U 
chapters of this work. This stntenniU tu ihr « ih ri . m nut 
would apply equally well to the mfioln r^ ni' the iUht-r no! 
active families. 

Radium itself has no general npplsmhdstv i \ri |ii m e»|Ui! 
rium with its produelH thnnigh Ita C\ wlarli nerrH'^itiifrM 
being maintained in a sealed rontainer m iii'iaanit id tln^ 
nature of radium emanniitm. Owing to the mm prnrtraf mg rh 
acter of a rays, only fi and y rmlinliou i.vtai!d he nhian 
through the walls of the container. Itiidiuni sealed m gl 
tubes, therefore, constitute the most eonvenirnt id |h’ 

trating rays, luvving the advantage id eotn^tnury of radiat 
after the first month 8ubHe(|ucnt to ioiding* hut the dn^ndvant 




tion is effective in a given absorbing system under working con- 
ditions. Radium in equilibrium with Ra C has four sets of a 
particles, one each for Ra, Ra Em, Ra A, and Ra 0. (See also 
§ 8.) 

Radium Emanation represents one of the most convenient and 
most used sources of radiation. It can be handled as a gas, can 
be measured with case, and can be introduced into the interior 
of many systems in very small volume. The volume of 1 curie 
of emanation (the (juantity in equilibrium with 1 gm. of Radium) 
is only 0.58 ram.-'’ and furnishes a very concentrated form of ra- 
diation. It docs not, unlike radium salts, appreciably absorb 
its own radiations. On account of its relatively short life, it has 
no permanent value and can therefore be subjected to danger 
of loss, breakage, etc., in ways that would not be feasible with 
radium salts. Practically its only disadvantage consists in its 
short life find continually changing activity, but since this change 
takes place according to a perfectly well established and in- 
variable law, it can readily bo taken into account. Its radiations 
inc.ludc those of Ra A, Ra B, and Ra 0, with which it attains 
cciuilibrium after four hours in a closed vessel. 

Active Deposit. Ra A, Ra B, and Ra 0 together constitute 
the so-called active deposit of radium emanation formerly called 
also “inducetl activity,” because they are deposited as solids on 
tlio walls of a containing vessel or on any surrounding objects 
to which the emanation may diffuse and owing to their activity 
appear to impart to theso objects a temporary radioactivity. 
Ra A ortiits only a rays, Ra B only rather non-penetrating p and 
Y rays. On account of the extremely short life of Ra C' 
(10““ sec.), both Ra Oi and Ra C' will be, in the following 
pages, referred to collectively as Ra 0, which then constitutes 
not only a source of a rays, but also of the most penetrating 
p and Y rays in the radium scries. The y rays of Ra C furnish 
I the best means of measuring either radium or radium emanation. 

( Radium D and E possess no rays of radiochemical impor- 
tance. Ra P (polonium) is unique in furnishing only a rays 
and is the most convenient source of this form of radiation free 
from penetrating rays. It is usually deposited elcctrolytically 
on copper, which then, of course, absorbs that half of the a radia- 
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tion directed toward it. I'lsiHicially for ns(( in iaiuiil i 
polonium is a very Huitnl)Io source of a rays. 

As generally applicable to all u particles, il. should 1 
tioned that Rutherford and (ieiger'"' ulilized (lie ic r; 
from polonium to deteriniiie tiii! probaldlity varialioiis 
emissions of a rays both with res[icct lo lime anil sp 
found their distribution fully obeying (be law.s of eliatiee, 

» Ilutlierrord mill Oi'lKi'r, I'Jill. Itluii. (lU an, c, as Tut iHHiii, 


Chapter 3. 

Electrical Effects — Ionization, 

16 . Saturation Current as a Measure of Ionization. 

The Kcncrnl principle of tlio method of the measurement of 
gaseous ionization deserves at least brief consideration. Let us 
suppose that tlic air in a closed chamber provided with electrodes 
is subjected to a constant radiation that will produce a fixed 
number of ions in the chamber in unit time. Connect the elec- 
trode tenninnla, which must be carefully insulated from the 
chamber and from the surrounding air, in scries with an instru- 
ment capable of measuring low electrical current, such as a 
(juadrant electrometer. Apply from a high voltage battery suc- 
cessively increasing voltages and plot a current-voltage curve as 
in h’ig. 2. h'oi; low voltages the curve rises linearly, indicating 
that tlio eum'ut increases in direct proportion to the applied 
voltage just as would be reciuircd by Ohm’s law in a conductor 
of the first class. On applying yet higher voltage the current 
rises more slowly tlmn the voltage and finally reaches a constant 
.maximum in the part of the curve AB (Fig. 2) which remains 
horizontal. It can now be inferred that all the available ions arc 
being drawn to the electrodes and arc discharged, and that fur- 
ther increase of voltage within suitable limits produces no in- 
crease of current. This current is designated as saturation cur- 
rent, which is evidently a direct measure of the total number of 
ions being formed per unit time in the chamber. It is also in- 
ferred that under conditions in which insufficient voltage is ap- 
plied the ions not attracted to the electrodes recombine with each 
other by ordinary diffusion. 

The potential that must be applied to produce saturation cur- 
rent will depend on the strength of the ionization and the gaseous 
pressure, the lower tlic pressure the smaller the reciuircd volt- 
age. At atmospheric pressure 2,000-6,000 volts per cm. will suf- 
fice in most cases. However, if the ionization is very great, such 
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to produce saturation curnait. 'riic moasurrmcnl even (»f mod- 
erate ionization produced liy a rays lais been loiind (n jireseiil. 
especial difficulties, supposedly due lit (lie lunli eonei-nlration of 
ions along the path of the partiele. One is seldom aide (o meas- 
ure directly the ionization of u rays id' an inlensit\ suitable for 





the measurement of its eheniieul iielion also, and mu t n oM p, 
indirect methods of ealeuliditig the iom/.utn.u ubt-b udl lie 
treated in Chapter VII.' 

^ In contif'cHnn with tlu* mt nimrii'tiH'Hli nf nitsir h.s.ij ? sp « u > 
saturation ourront, II ^ihnnhJ hn Hm^***! »*isr Miftj 3. » 

physlclal's of‘ rorarrliiff to tin* totiil iiuuitic-r «df f-mn* nf f usVj. 

(ho oxuroHHion iotm whon* prNn? u/ ium U la.m.i u .. i . ,V. | / 
lent This Is partioiilnrJy ronfuMlim l« ihr rh.ini^f in a. .nn j* 
lytic Ions In connection with th»* «,lull*.n ihrori.*,, n,. u,*,. 
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16. Ionization by Electronic Shock. 

To return to the curve in Fig. 2, if the voltage be increased 
beyond that necessary for saturation current, the electrons and 
ions attain still greater velocities, and soon the electrons reach 
velocities within their free paths, at which their kinetic energy 
becomes sufficient to ionize the gas molecules with which they 
come in ('.on tact, thus increasing the total number of electrical 
c.arriers beyond the number being produced by primary radiation. 
Owing to the rai)i(l inc.rease in the number of carriers the cur- 
rent again begins to rise, ns indicated by the curve BC, on ac- 
count of this ijroccss wliich has been called ionization by “shock” 
or collision. 

As will be later shown (§ 52) this form of ionization prob- 
(ddy plays a very important part in the chemical action pro- 
duced by (^letitrical disc'-harge through gases. Evidently there 
is no limit to the c.urrenb resulting from such an increase in 
voltage until the sparking potential is reached. The current 
resulting from ionization by shock usually will not represent 
a condition of saturation. At ordinary gas pressures, only a 
snudl fraction of the total number of ions produced by an in- 
tense discharge! r(!a(!lie8 the electrodes before recombining, and it 
is only this small fraction, of course, which carries the current; 
the other ions may rceombino to form the original product, or 
may combine to form a new chemical product, hence their interest 
in rudiochemistry. 

A' rny Tubes may be. very aptly employed to illustrate ioni- 
zation by shock, Tlic old ordinary form of X ray tube depends 
upon aliock ionization for a sufficient number of curriers to con- 
duct tlie current, which explains why the gas pressure had to be 
held within rather narrow limits; if too high, the free path of 
the electrons was too sliort to enable them to obtain the neces- 
sary velocity to produce ionization by shock; if too low, not 
enough encounters resulted to maintain discharge. The ordi- 
nary X ray tube has a well known tendency to become "hard” 
by reduction of the gas pressure, which, is also a result of ioniza- 
tion. It means Unit some of the positive gas ions attain a ve- 
locity sufficient to cause them to adhere to the electrode upon 
reae-hing it, thus reducing the pressure. Whether the effect is 
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Scame general type of ''(‘.lean up” itmy Uv iltustraliMl hy passing 
a (iisebargo through radhuu (annual ion in a small rtcisslor Inlu'. 
After the tube has opt'rafed for snnu' iina* mulm* suitable^ von- 
ditions, it will bo found that (juili^ a fraetiem <»f ihr gas iius 
been driven into the negalivi* oleelnHlt*, or inlo lla* platinum mir« 
ror immediately surrounding it, so lliat^ if ean ma hr pumpt^d 
out. The exact loc^ation of Ihe ('inanalion i’an hi* moU rnnven- 
iently found by dLss(‘et.iiig (he lube anti rxamiiiijig flu* various 
parts for y radiation. 

The Coolidgc ^ X ray lube does no! tlrprnd on ioni/atiou hy 
shock, but on the direct produel ion at a highly la'afnl fung*-li‘n 
cathode of enough thenu-el(*elrons tt> earry the enrrmf. ( 
qucntly the gas pressun* in a (’otdidge tube mav i>r ltn\rn'd ttd 
libitimij whivh gives the eleefrons imieli longer free paili'.^. r{^' 4 dl« 
ing in their arriving at (lu‘ target with vtay higlt \eloet(y, prin 
ducing X rays of nm(‘h shortta* wave lengtii uml luuljor pime- 
trating power. It 1ms lud- yet h(M*n iue>ihle to etjual y rays in 
these respects. 

17. Some Properties of (I Particles and Elootrons, 

[3 partkdes are electrons emitttMl fnan rmlioaetui* MihUuma-s, 
They dificu* very inarkt'dly from n p.nrtitde>' in many ie-pt*r|M. 
Their much smalku* nmss pn'venlh ihtur carrying the Mime order 
of kinetic energy evem wlmn moving at velneiiie^^ uppnmrhing 
that of light. The initial velocities of the varimm jl parlieleH 
vary from 0.3 to 0.98 of tiu* velocity of liKld, laUr* n parfiid^M 
they produce ionmatioii ami p!ios|iIic»reHcenf and phofographie 
as well as chemical effects. '’Pla* elecirieni method pre^entn the 
best means for tlidr study. 'Flu^ idi‘u find formerly prevailed 
that each radioactive suhstanci* emits only a .^dngle vijoph' type 
of (3 radiation has had to he ul)andom'(l in favor of the view tlia! 
great variations exist with rt‘spi*ct to veloeiiy of enu'^iou. 
Coupled with the fact that (heir ioni/.ing and penetrating 
properties arc highly depeiuhait upon velocity, a degree i»f com- 
plexity and uiuiortainty is encoimtereil in dealing wiili jl par- 
ticles which 18 quite foreign to tlu? exacd. nature of tmr know!-- 
edge, regarding a partkdes. 'rhe uppan-nt of the elrriron 

’W. I). CoolldffO, Phi/H. Pev, (2) f, ‘tno ;m (U»Hn 
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has also been found to vary with its velocity. Kaufmann “ 
has made the most exact investigation of this subject. 

The absorption phenomena for p rays are also very different 
from those for a rays. It has already been pointed out that the 
a particle, while non-penetrating to collective matter owing to 
the large number of collisions made in a short path, is extremely 
penetrating with reference to the individual atom, traveling in 
a straight line through an immense number before its energy 
is expetuUal. h'or p i)articles cxacdly the opposite is true. To 
matter collectively they arc quite penetrating, because owing to 
their small size and high velocity they “slip between” the mole- 
(julcs, making a much smaller number of collisions per unit 
path, but suffer a much greater deflection or scattering for each 
collision. Oonseciuently the paths by which p particles traverse 
matter are very far from straight lines; they are even frequently 
deflected through ISO” and return in the opposite direction. 
This ease of dedection corrcHponds to the well known ease with 
which they are deflected by electrical and magnetic fields. Be- 
sides the gradual reduction in vedocity experienced by p rays 
similar to that of u rays, it is also probable that at any part of 
its Oourso a p ray may collide with a molecule in such a way that 
it is stopped abruptly. This means that instead of all p rays 
with a given initial veloe.ity traveling the same distance in an 
absorbing medium, as do « rays, they arc gradually absorbed 
proportionally to the number remaining to be absorbed at any 
point in the path, which behavior would be expressed by an 
exponential law. t)wing, however, to the various complications 
which arise through scattering, unequal velocities and other 
causes, tlio tlircct application of an equation of the fonn; 
I=:I„(l-e”^‘') is possible only in a few special eases, lo being the 
initial intensity, and I that after the radiation has traversed the 
thickness d in a medium with an absorption cocfTicicnt p. 

Owing to its smaller mass and kinetic energy, a p particle 
produces much less ionization than docs an a particle, 200 fold 
less on Uie average per unit path for p particles expelled from 
radium. Tbe total number of p particles emitted by radioactive 
substances is not knenvn with the same degree of accuracy as in 
the COSO of a particles, but the evidence points to the conclu- 
sion that. the. erniHsion of one B narticlc ncr atom dccavinir is the 
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rule for elements showing (I rndiution. A very slnniK pii'ct^ iif in- 
direct evidence in favor of this viinv is llio iiritn'i[ili' disfiivorod 
and elaborated by l{.uss(!ll,‘ Soddy,' bajaits," v. iliu'csy,'’ and 
others, according to wliicli an elonioni. cmidiiig u iiarlicles pro- 
duces an clement possessing cliemieal valenee Iwu units less than, 
and occupying a place in (iK! periodic sysiciu two places io ||u' 
left of, that of the parent eleineiit; wliih' an element, einilling (1 
radiation produces an clement shifted mn unit, in the oppusile 
direction with reapcc.b to valence and posiiion in (he periodii- 
system. These relations eviili’iilly rci|nirc a unit relal ion.diip Ite- 
tween the number of atoms changing .and the number of n or (1 
particles primarily emitted. Kxpcrinienlal evidence .'d-u itnlicat- 
ing a number of (1 particles of llnit onler was olUamed by .Mose- 
ley ® and more recently l)y Ile.ss .and I,a\\>on.'‘ 'I'lie iota! inttu- 
ber of ions produced in air by (be (! ray- from one gr.nm of 
radium in (siuilibrium was found by .Miceley .and Ibibin-on to 
be about 9x10''' per seeoial, and liy (be y rav'* lllsKl ‘ per Ma*. 
ond. Rutlicrford ' ’ estimates fur radium in ei|mhlirmm that of 
the total rndiatiid eiuirgy, is in (be form of |1 ra> - and 

4.7% in tlie form of y rays, (lie li.al.aiaa- In nig leiire-enled by 
a radiation. 

The swiftest ft rays from Ua (' will pi-netrate iu air abmil 
3 m. but arc entirely stopped by 2 miu. of le.id. (Hving to ibeir 
great range in air and the spiir.-i(y of the lomzaCmn along llieir 
paths, |J rays can not be utilized very eOecinelv to piciluce 
radiocliomic.al actioim iu a gaseous system, 'riu u greater absorp- 
tion in liquids anti solids is more favorable for i bemieal elfeets. 

As in the case of tt purlieles, ibe ionization piMiliieed m ga.’-es 
by P and y rays has been slmwii liy Mdlilum and Iuh eo- 
workers to consist in ilie detnelmieiu t.f one el. . H ou uom eaeb 
molecule, leaving a singly eliargetl ptoitiv<- ion. 

The subject of till! prodnetioii of iom/.iimit In tb . iroic has 

*A. S. ItuKMll, Cliim, UiT. 4ft ilti|:t. 

Soddy. "ClirnilHicy (,f ilii. llntllitelriiM-Mfo, ' la il j.,. Oi -.i , 001 . 

*K, Ii-nJaiiH, My,, /,•»„ H. nil illiU!.. 

’v. Ilevony, ibid., 14 , 40 (iftuu. 

•H, 0. J. Mo(H>l(>y, Mof. Kov Hm , S"\, yaii ilaj;;., 

•V. F. Hobs ttntl H. \Y. l.MWssiiiH 1 - 4 . .... < 5 , 


quanui/Ubivc icuii/ionB nave uccn most tnoronghly investigated by 
Townsend “ for ionization i)roduocd by electrons of plioto-electrie 
orij 2 ;in ac'.cclcratcd by various voltages in an electrical field of 
definite dimensions. The gcsncral equation of Townsend has the 
„ !!„(« — . 

form: ^ winch no la the number of ions 

sot free at the cathode, n is the initial number of ions reach- 
ing the other electrode if a is the average number of new ions 
produced per cm. by eacli negative ion, and (3 by each positive 
ion, d is the distance lietwcen the olectrcxlcs, with the potential 
X and the gas pi’cssurc P remaining constant. When X/P is 
small the ionization produced liy positive ions is sensibly zero 
and the etiuaticm takes the simple form; n = n„ca'’. More re- 
cently Itorton ■''* has proved the applicability of Townsend’s 
equation to f/icnn-electrons. Townsend’s results show that for 
a pressure of 1 mm. of air, maximum ionization is attained by 
increase of voltage when the ionization reaches a value of about 
20 pairs of ions per 1 cm. of path. 

Recently many investigations liavc been made to determine 
tlic minimum voltage at wliich radiation and ionization effects 
begin in differemt gases, in connection with the application of 
tlic quantum theory. Consideration of these results is outside 
the scope of the. present work. 

In general it may be pointed out tliat up to the present, 
except for tlie work of Kirkby (see § 62), tlic chemical effects 
of the passage of electricity througli gases have not been studied 
under conditions at which Townsend’s equations would bo ap- 
plicable, and the total ionization has, therefore, been unknown. 
Comparison of the amount of chemical action with other fac- 
tors such ns current, voltage, ultra-violet radiation, etc., has not 
proved very illuminating. It is to bo hoped that future work will 
throw more light upon the fundamental relations involved, 
through a study of the chemical effects of the passage of elec- 
tricity througli gasc^ under more suitable experimental condi- 
tions. 

«J. a. Town»»nil, PM. Mag. (0) 1. P. 108 (1901); ibia., 8, 85T (1002); 
"Theory and loolamtlon of tlnuea by Colllelon" (1910). 

“F. Horton, Phil. Uag. (0) 34, 401-78 (1917). 
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18. Y and X Rays. 

The announcement by KdcnlKcn in IH!!.') of Mu* disi-dvcry of 
the so-callcd X or lldeiitRcn rny.s innrkcii (hd ht'ninniiij? ol' u 
new era in the progre,s.s of seienco. Almusl. iimur>lia(fly i(, 1|.|1 
to the discovery by Becciuercl of (he f:dliii:ii'(ivd rmlinliims, 
which was followed but litllc l.nliT liy llio iliMMivory of nitiiiim liy 
the Curies, and by tlio rnpiil ilevi'lnpineiit of fin- miiijcci, of 
radioactivity by llutbcrford and Suddy ;tnd a lio-t of oIIhts too 
numerous to mention here. It w.h.h early found llial lioili X and 

Y rays possess in noimnun will) u and (i r.ays liie iiowi-r of ioniz- 
ing gases, and of produeing plioltigraplne and plio- pliureseenl. ef- 
fects. Unlike the two laf.lcT, X' and y rays .are not deviated by 
electrical nor magnetic fields, do not earry fleet rir.al eh.arge, 
and arc possessed of unusual jienelraling power.--, in wbieb the 

Y rays far exceed the X i'!iy.H. 

The clcctro-inagnetie nnlure of .X r.ny.-i w.-e-i reros-nizeil (|ui((. 
early and they were eln.«sinetl ns ether pul'e-: of .-liort wave 
length having, naturall.v, the same veloeily as Indil. AlthoiiKb 
the general similarity between .X and y wa*^ e-videiif. IVoni 
the first, it was not until intieli later find. it. wa-i |ae'.ible to 
demonstrate clearly that y fays are als-o ether pul - e-, having yi>t. 
greater frequency and corre.'^pondingly .‘•liorler wave lengili-s titan 
X rays. 

Not only did the discovery of X am! y fays play .an iinptn-l.aut 
part in the initiation of the new developnieul. in iibv.' ie-i ami 
chemistry, but their furllier investigation ha-i provi-d lAireinely 
fruitful in several dirccUons. 'I’in- di.seovery by bane’' of the 
intcrfcrcnco principle, for X rays and its appln-ation by Kneririeli, 
Knipping and Lauc'” to Mm ime of ery.Mtal.s tts tim e •bin. n.,i,.„s,i 
diffraction gratings was Hhorfly followed l.y tl„. bnlbaiil work 
of W. L. Bragg” on the use of crysttilH for ibe -peenl.’.r irjUf- 
tion of X rays, which re.Hulted in inve>,tigation-i of fnndaiiiental 
importance both with resja'ct to cryst.-il .sirm-tiire .am! ilt.- nature 
of X rnys.‘® The classiciil discovery by .Mo-,t li y of ibe reht- 

’•M. Unuti, dUsb. Akad. Iftw. liilz. -,';i 

”W. Ii’rlcdrlcli, I*. KnlppliiK. nml M. I.«ur. thid , itiir (.j. 
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tionship between the X ray spectra of different elements, leading 
to the establishment of the so-called atomic numbers, has opened 
the way to substantial progress in the solution of the problem 
of atomic atriicturo. The work of Barklaj^® Darwin, Sadler, and 
later of Sicgbnhn,”'- Duane,"- Hull,-'* and others on the various 
typos of characteristic radiations from tlic elements can merely 
be cited. 

Througli some of the work on characteristic radiations just 
rererrod to, Kutherford was led to suspect that the y rays may 
be the characteristic radiation excited by the emission of [5 rays. 
The plausibility of tliia hypothesis has been supported from sev- 
eral different points of view until no doubt remains of the ex- 
isteiH^e (ff this relatioji of the origin of y rays from (3 radiation. 
This does not mean, howen'or, that a single [3 ray sets up a single 
Y ray pulse. As was secai in the prttceding paragraph the total 
ionization by y rays from radium in C(iuilibrium was found by 
Moseley and Robinson (foe. cit.) to be of the order 13x10“ pairs 
per second, about HQ'/,, greater than that from the total j3 radia- 
tion. 

The most penetrating y rays traverse several centimeters of 
lead or s(!Vta-al hundred mtilers of air. In the latter part of the 
jiath i.lirongli lead the. absorption becomes exponential in char- 
a(!ter. Owing lo tlieir great penetrating powers it is difficult to 
utilize Y rays effi(hently in the study of radiochemical effects. 
The subject apiaairs to have great importance, however, since 
it Inis been found (hat it is the. physiological effects of the y rays 
which are utilizeil therapeutically, but whether or not the ef- 
fect is produced through the intermediation of chemical action re- 
mains as yet wliolly unknown. The utilization of the new power- 
ful types of X ray tubes, such as the Coolidgo tube (§ 17), 
also offerH at) atlractivo fut-ure field for the investigation of radio- 
chemical effects. 

«0. (). ItiirklA. nn. ilaff. (0) 22. 30(1412: Phyi. Zoit., IB, 100 (1014). 

Hli'Blmliit. Phyi. Zelt., IB. 703 0 (1014) ; Verh. daut. vAy*. Oe*. IS, 
ino-a (umil : Nature, 0(1, (17(1 (tOKI) : I’lrh. drat. phyi. Oa. IK, 27S-82 (101(11. 

Wnu lUmiif* nnd Knng K«h Hu, Phy», JtmK (2) 11, 489 (1018); Duano 
And T. Hhindssii, ibiiJ.i 10, 800 (1010), 

A. W, H\iU, vim. Jaum, HmmigtmuU 2, H08 (1018) ; J. Frank4 Jmt., 181, 
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Oliapici’ -1. 

Qualitntivo Rjuiiorhcniical MlTrcIs. 

19, General Classification. 

The observation and of radii ii-lu'inifal i-lTt'cts 

have embraced a fairly broad licld willi railuT iiiidi linfil bi.imd- 
arics. At the one extrcinc art; Haw i-lTfriM of r.-uliatiim whifli 
arc not definitely known to be cheiiiifa! in nature, .-.tn-h jilaw- 
phorcsccncc, coloring, and tllermolumint•^‘^■enl■e. Tla ir iinantita- 
tive aspects from the cliwnieal atandpnint have liardly been 
touched upon. At the other exireine will be fuiind a very limited 
number of definite chemical reacliniiH whieh have ln ea fuiind In 
take place under the inlluence of u radial iius, and whieh have 
been very thoroughly investigated both with ri -jiei t lu tin- nature 
and amount of the chemical action iiriMliieed. and al u with re- 
spect to the amount of radiation prodneini' ii, and the imide of 
the expenditure of the radiant energy in (he <.V'U( tn aeted on. 
Between these two extrenica wdll he fouml all di gret -t of varia- 
tion with respect to the (lualitalivc or tjnanlilaitve eharaeier of 
the 'chemical and radiant faelnra involved in the react ioiin 
studied. 

Radiochemical inveatigations may he arbifraiiK ebiN ilied an 
follows: 

(1) Reactions of doulitful chemical tiainre wiuefi bine not. 
yet been thoroughly ex'idaincd. 

(2) Reactions undoubtedly chcinieal in nature but nt whieh 
the exact chemical composititm of wane of the i.rodu. i - li:e< not 
been determined. 

(3) Reactions, the chetnieal imMiuei« of wbab have been 
identified but not quantitatively tiicnHiired. 

(4) Reactions in wliicii the {irudiiitu have ben id.ntiited 
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measured and the total quantity of radiation was known, with- 
out being able to determine what part of the radiation was 
effective in the given system. 

(6) Reactions cliaractcrizcd by (5) with the additional 
knowledge of the effoetive radiation. 

(7) Reactions characterized by (6) with complete informa- 
tion as to the kinetics of tlic reaction from the physical-chemical 
standpoint. 

20. Qualitative Observations. 

The observation of some of the remarkable chemical effects 
of the rays of radium followed very closely upon its discovery. 
P. and Mine. Curie’ in 1899 reported the coloration of glass 
and of iioriioluin, us well as the formation of ozone from oxygen 
(observed by Dcmarcay). P. GieseP found that coloration of 
the alkaline halides was produced similar to that by cathode 
rays, and that wakir is decoiniioscd into its elements. Bccqucrel “ 
showed thfit the p and y I'ays produce many of the reactions 
tliat c!in he brought about by the action of light, such as the 
change of white to real phosphonis, and the decomposition of 
hydriodie. acid solution and of mercuric chloride. Jorissen and 
Woudstra ^ showed that the coagulation of some colloidal solu- 
tions is caused by the penetrating radium rays. Jorissen and 
Ringer" detnonstrated the combination of hydrogen and chlorine 
gaw'H at ordinary temperature under the influence of the pene- 
trating rays. 

21. Ooloratidn and Decomposition of Radium Salts. 

Radium salts mixed with barium salts in various proportions 
undergo spontaneous alterations which are first marked by a 
elmngo of rolor from the. original pure white to a brownish tint 
whieh increases in depth with a rapidity dependent upon the 
quantity of radium present. This progressive change in color 
is exhihited very strikingly by Bn(Ra)Brj; if successive frac- 

•I'. nnrt M. OiiHis 0«mp. rend, tUtt. SUa (XSOO). 

«K. Olrwl. ytrli. dnit. phpt. 2. 9 (1000). 

Ml. nrrqucrrl, Comp. n<nd. la.l, 700-12 ( 1901 ). 

* W, 1'. Joplmi'ti and II. W. Woudstra, XtHt. Ohem. «. IndustHo d. KoHoide 
10, 280 (1012). 
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tions witli approxiniutcly tli(5 siiiiu'. I'udiiuu I'uiili'iif. arc I'ryslal- 
lizcd daily, it is possible to jtidKo I licit' relative a(>es durian (be 
first few weeks by tlie. deplli of color. I lihiinselunid " ba.s ob- 
served that radium sall-s which have not been hcahal above 
200° C. take on only a weak yellowish or nfoy color even al'ler 
several years, while those, which art' healed to red ninw become 
almost black in one or two day.s. Since he I'otind the dryinij (o 
be complete in cither cit.se Iliieninschtnid did not allribute the 
difference to traces of wider of cryslalli/.al ion. ( I.ihc the corre- 
spondinn barium salts, both Hallr., and Hid'l. erv>lalli/.e as 
RaBro.2I-LO and Ra(lL2lId).l Hadiiiin chloridi' nnderjioes u 
similar channo in color, which does iml, appr'ar to develop .so 
rapidly as in the case of (he bnmiide. i\ further proof of the 
spontaneous chemical chnnne of radinin salts i.s obiained on dis- 
solving them in water after they have been .‘•ton-d for .'otne time. 
Solution is invariably accompanied by a more or les, copious 
evolution of gas. On (lis.solvinK the eldoride in water an odor 
of Cl and CIO- is often ]>er(’ejilible. 'Cite ilr\ - ab -lored in n 
desiccator also lues the inlor of free eldorine and of ozone. 'Cite 
nature of the changes imidured in fiie salt ii.-elf lia'^ not Iiecn 
thoroughly invostigaled, Imt it is probable that the largi-r part 
of the gas evolution ohserveil nii dissolving is due to the release 
of some hydrogen (and oxygen) prodtieeil liy the radmebemieal 
decomposition of remaining Iraees of water. In eontainers HHcd 
with air part of the salt is also iloiiblli-.s convt ricii into oxy- 
halido, oxide, and even some earbonate. 

It has boon shown by I’. Curie and hebierne' ibai a vacimm 
can not be maintained over the soliii .-alt-, and fbai from a soln- 
tion of radium salts a eitidimums 1^-011111011 of b\>lrogen mid 
oxygon takes place. Uaiiisny," Debiertie.” and oib. r- fonml that 
there is some excess of hydrogen in ibe i mob.t .i. vvlueb w.-w 
attributed by Keriilmtim >" to the formation of ..ine H .ti, in 
the solution. It slimild be iioinleil oiii. hoHiai r. thai ila- raihi-r 
large excess of liydrogen which aecompanu- r.aimm l utanaiion 
in the usual metliod of eoileeling it fnan aipnon-, volution of 
radium halides is to he iillriliuleil to atiotlu r 1 an c. ‘ria- Italidc 

•0. IlflulKHcIinilfl, NlUb. .Uidl lU l-;i e.;'< (JtU'Zt. 

*^1*. CnrJo nnd A, (’omp trmt in;*. v,m ^ 
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ludd whi(‘-h is also present in the solution is decomposed into 
liydrop;cn and free halide. The hitter combines with the mer- 
cury in the collecting!; system, leaving the corresponding hydro- 
gen in excess of the oxygen. The rate of the decomposition of 
water by radium and by radium emanation has been quantita- 
tively investigated by a numbt'.r of autlioritics, whose work will 
be fully reportiul in subseciuent chapters. 

It may not bo amiss to mention here that the decomposition 
of ITyO in any form by tlic ex rays renders the practice of scaling 
radium salts in small tubt^s for long periods of time a dangerous 
one unless (a^rtain prec^autions arc obBcrved. Accidents involving 
serious loss of radium have (xuairred through the explosion of 
tubes by the accumulated lu'essuro of hydrogen and oxygen. It 
ai)pcars to be dang(‘rous to heat an old tube or to exert any 
meclianical strc'SH upon it. It is i)OHsiblo that weakening of the 
glass container by the ('ontinuod radiant bombardment en- 
hances the (lunger through devitrification of the glass. A far- 
reaching disinU’gration of (piartz containers by radium rays has 
been reported.’^ Tlu5 i)rintii)al precaution to be observed in 
sealing radium salts in glass containers is the thorough dehydra- 
tion of the salt, whiidi should be a(‘.complishe(l l)y heating for 
not loss than twenty minute's to a t('mi)crature not under 250*^ C. 
Preferably, the salt should be raised to a red glow in a quartz 
(lisli for a shorlor time. A good criterion that a temperature has 
beem reached at whic’h complclti dehydration takes i)lace rapidly 
will be fnrnisluMl by the chnrac'tcT of light ('initted by the radium 
salt after heating. The light should show the intensely blue 
rather than the. ordinary pule yellow lumineseeiu'c of radium 
salts. The bhu^ lumiiu'st'cnee is a result of the effect of tempera- 
ture and is not direc'tly (’onneeted wilh the dc'grec of dehydra- 
tion, siiu'e the intense blue light iH'rsists even under water as 
long as any salt remains undissolved. Karrer and Kabakjian^® 
hav(^ made a study of this blue luminoscamcc and attribute it to 
the formation of a dtmbU^ salt of radium and barium. This ap- 
pc'urs dinicult to n'concile with Iliinigsc'hmid's observation 
that Rat'Ia of the highest purity, pre])ared for atomic weight de- 

UutluTford, “Undloncaivi^ SnhKlniU’Pfi’* (tOlSK p. aOH, UCnlgHdinild, 
iwnzb. Aku4. Wka. Waw, lln. 120. U\2i (lOUi; Ht. Moyor anti V. l'\ Itcsa, 
ihUL 121, 205 (tm2). 




QUALITATIYH! HADIOCITEUICAL MPPECTS 


51 


found for the same mineral from different localities. Goldstein ” 
estimates that impurities amounting to not more than one part 
in a million produce color effects under the influence of cathode 
rays. The confusion that arises in attempting to settle on some 
certain C(vmponcnt or impurity ivs rcsponsibilc for the color may 
be illustrated by some of the following observations. Meyer and 
Przibram (loc. dt.) report that they have observed the produc- 
tion of the violet and of the brown color simultaneously on dif- 
ferent parts of the .svnwe yUtss vchhcI, which were subjected to a 
difference only in the intensity of the radiation ; while, in general, 
difference in intensity or even the kind of radiation influences 
only the rate at whic.h color is produced. An outer glass tube 
enclosing an inner one (of the same glass) containing radium 
salt, takes on the same color as the inner one, though more slo-wly, 
although the outer one reccuves no a radiation and a different 
intensity of pi'.neti'at.ing radiation from that received by the inner 
one. Hard glasses high in silica, of the pyrex or Jena type, in- 
variably take tlie brown color, l)ut silica vessels, including the 
transiiarent variety made from i)ure fused quartz, take the same 
violet color as ordinary soft glass. Lead glass is colored brown. 
In all cases the glass appears finally to bccomo saturated and the 
color no longer deeirens. Thick layers of glass appear to be more 
intensely colored on account of tlio depth of layer. Very thick 
glass, like the walls of a desiccator, becomes almost opaque 
upon i)rolonge(l radiation.^ The junver of lumineaeing diminishes 
as the coloring increases. (Mmc. Curie, "Hadioactivitd,” II, p. 
219 119101.) 

The color profluced in glass and minerals by radium rays 
and by cathode rays eaiv be discharged by heating almost to the 
softening point of glass. The same color is again restored by 
renewed radiation, and the eyede may bo repeated, apparently in- 
definitely, without any fatigue effect. 

As a result of an extended investigation of tlio coloring and 
thcrmolumincscenco produced in artificial salts and natural min- 
erals by various forms of radiation Moyer and Przibram were 
led to discard definiUdy the idea of the infiucnco of impurities, 
and to favor a return to the theory frequently put forward, of 
colloidal coloring by metallic particles. Attempts to distinguish 
discrete particles by moans of the ultra-microscope were unsuc- 
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ccssful except in the euse iilccady known of (In- lioaliipi; <tf rock 
salt previously radiated. 

It lues been .shown by llulherford and by .loly " (Imi the 
depth of the layer of itlas.s or mineral enlorod liy n rays corre- 
sponds to the ranse of « parliclcs in I lie mvi ti ub laiiee, July 
first pointed out that the .so-called ‘•pleocbroie hah. mail dark 
spots in certain kinds of mica (bioiiie, coniieiiie. ami musco- 
vite), arc due to eoloriiin produced by inmui.' r.-nlmaei i\ .• cenler.s 
in the mineral, .)oly“' and Joly and l•■ielcher have made an 
extended study of the sidijecl, slanvini^ ihai tl.c .liaim ter.s of the 
concentric rinp;.s eonstiluling Ihe halo cone p..n.l !.. ilo- ranges of 
the different seta of (t parliclcs in ihe uraiitnm r.olmm cries, auil 
that tlicro is a relation bclweeti the dcveh.pmi ni oi (he halo and 
the geological age of llie mineral. 

23. Thermo-luminescenco Produced by Radiation. 

It has been found liy many oh-ervei ' liiat .ii . ela-s, nda- 
crals, and other snhslances after heiau; . sp.. ..I la.lnim or In 
cathode rays heroine linninons in lla* dark al t> mper adiri’ . from 
40° to 200° 0. This appears to In- due to an eU. . i uf ihc radia- 
tion which is as yet lillle nnder'iood. The me l ake has heen 
rather commonly mailr of snppu-ing ihai ihn.- j . a elo e con- 
nection between (he dischurge of color piiMhiei .1 m el a- •<. for in- 
stance (sco preceding parngritplit, and ilie ila uoxhimmi ceni 
effect. Ilowcvor, it has reeeully liecii pointed oiif In l.nnl '(lad. 
thcrmolumincHecm'ti ran usually he e\!iau i. d at aboiii ‘JIHr 
without at all diminisliiiig the eolor, wlueh (■ lu.i di - iiarged 
from ordinary violet rolnred ghi-- helmv MKi i.. .'iIhi t ‘ , -u ihat 
there is evidently no direct rounertion betw.i u ih.- iwi. ettVets, 
Meyer and Przibranr'* luive made an luu ii itin/ <.}. err ation 

which has been roufirmed by l.iint i/.d t if i ihai a r-la a.l- 

ored brown by radium rudiiilion he heaicd genilv unid iis 
thermolumincBcenrc is exlimi.stn), ii^ color m ehmavd lo ihc 
more common violet tint whirli (hen helia\i •. aa m gia- •. ..i tgmally 

Rutherford, “Rndifmetivtt tu*; rs i 

« J, Joly, Phil, Map, (il) la, 3Hl imrh, 
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colored violet, except that no further thermoluminescence is ex- 
hibited. Upon rmvewed radiation the color returns to brown. 

Freshly radiated gla-ss will show thcrmolumincsccnce to the 
well rested eye at temperatures (luitc below the boiling point of 
water, while glas-s which has been kept for three or four years 
after exposure must bo raised to the neighborhood of 200° be- 
fore lumine.seenee sets in (Lind, loc. cit .) . 

From the foregoing statements it appears that if the colora- 
tion and thermoluminesecnee of glass and minerals arc due to 
chemical causes, at least two different sets of reactions arc in- 
volved which may have little or no connection with each other. 
The whole subject presents an attractive field for further investi- 
gation. 

Meyer and Przibram {loc. cU.) examined the thermoluihin- 
o.scence of a series of arl.ilicial borates and silicates of the alkalis, 
alkaline ('arths and some otlier metals. It appeared that the 
wave length of light, emitt.ed by a given group decreased with in- 
creasing atomic, weight of the metal. 

24. Luminescence and Phosphorescence Produced by Radia- 
tion, 

Certain substances under the induence of various kinds of 
radiation emit light of visible wave lengths at ordinary and oven 
at extremely low temperatures. The use of phosphoroseent zinc 
sulfidt' screens to count « particles by means of the scintillations 
j)roduced was referred to in § 12. The phenomenon of scintilla- 
tion is nut only important as a menns of counting the a particles, 
but historically important as the first experimental evidence of 
the individual e.xislence of atoms, and also as representative of 
fluoreseenee in ils simplest form. Seinlillations can he individu- 
ally observed and euunied only when the number of a ])articles 
falling on a given area of screen in unitr time is limited. When 
the number is greatly increased the screen appears to be uni- 
formly illuminated. In tlie radium luminous paints, radium salts 
arc inlinmtely mixed with phosphorescent zinc, sulfide, which 
mixture is then ninjlied to a dial or other surface to be illu- 
minated. These luminous mixture.^ Imve come into extensive 
use on watch and clock dials, electric push buttons, etc., and 
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planes, battleships, or in aii.y plncc where il was ilesireil (o 
a feeble light not visible for more (ban a iVw ,vai-<l<. 

The nature of the renelion fiiriiisiiing (he lie, hi i'.- tail ihnr- 
oughly understood. ItuMierford has pruim-iai a i henry that a 
phosphorcseent sub, stance eniifains initially a larm- niindier nf 
“active centers” or molceidar aggregates wtdeh are di-niiiled hv 
oe particles with the eniLssioti of liglii, M.ar.-ien ' e\ainiiieil (lie 
effect of intense a radiation on pliosplioresfi tit yin<’ ulliiir anil 
found that the intensity of (he light emitted tall .iif rapidly. 
The number of seintilhilions remains eon (ant, hut the lij..l||, 
emitted from each scinlilhilion heetnne' I'lel.ler, ■•unur, tn ihe. 
gradual exhuustiou of the aclivi' centers, lluthei iMid h;e ealen- 
latcd that a single a piniiele destroys all (In- ci nti i in in, 
within a radius of about l.d.vIO ■ etn, for Zn.'s. and ah. .tit l’ hsio / 
cm. for willomito. The decay eiirvi's nf Itiinin.ai r.itiniin p.iintn 
such as used by (ht! ftrilisii Admiralty ha\i- he. n l■,l!.■tu!!\ .Ictcr- 
mined by Paterson, Wtdsh, miii iiiggin-, • uh.. .■ i. ub'. .iic not 
only of groat prae tic id hut of mtieh ihti.r. li.- d intm t. After 
mixing with a radiimi sidl the Inmintciiv ot tla- paint nirioa is 
owing to the growth of nidiiitn emanaitmi ami .oin..- d.p..-it: 
after ton to twenty tltiy.s this im rea-e i. • ..nni. ih.dam . d hv 
the dcoay of the ZnS, so Ihtd a maximum i at r aim .1, Tin- iumi- 
nosity then begins to fidl, .slowly at tn'-i ami th. n im.i.- lapnliv. 
At the end of six or seven weeks till- nil f Ml .h . i. a . h< . ..m. i-x- 
ponential with the time aecurtiing to lim i .pi itmn ll/H , >•' 

in which B„ and H are the liimiiii>»iiit imiiaii?, ami at anv iimt; 
t, and k is the decay eotislatil. Hetweeu it) ami :'i«) ,i ,v. the 
rate of decay follows this law elo-. h , ami th. n h. . ..im . . 

After 600 days a praelieally eomiani valm- m affan.- d ..s ;d...iit 
Va the luminosity at maximum. Wal-h j.i,,p,, ,,i 

covory” theory, iveeording (o which a .i .i,- .,i < .pnhhtmm ih 
reached between the, two opposing iia. ti,.!i 

Decay of active centers * r Uegcm raijon i.i a. tr, ,■ , , nf. | ., 

Walsh established kinelie eijuaiiuim ami iL ip.-v ji, 

such nn assumption wilhout any hyp.-th. ip, 

the two reactions. 
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Both the liuninosity and rate of decay of the luminous com- 
pounds depend upon the (juality of the phosphorescent ZnS and 
the proportion of radium in the mixture. I'lvidcntly it is undesir- 
able to use for any inirposc a more luminous paint than is re- 
quired, botli on aeeoimt of tlie initial cost of the radium and the 
shortened life of the eompound through more intense radiation. 
The upper limit of radium is about one part to four thousand of 
ZnS. Bcilow this, various grades arc used down to one part in 
one or two hundred thousand. The purity of the radium salt 
employed slumld be b(!tween 10 and 100%. A very interesting 
fact pointed tint by Patterson, Walsh and Higgins (Joe. cit.) 
is that the rate of dee.ay and luminosity of a paint arc three 
to four times smaller after application to a dial than before. 
This is (u'ideutly due, to the partial absorption of the a radia- 
tion by the liinding agent used to make tlic paint adhere to the 
dial. It is very fortunate that the great loss in luminosity is 
compensated by a corresponding lengthening of its life. 

On aecovu\t of the. long life, of radium and the consequent 
waste in applying it to a dial, the use of which is limited to a few 
years, it has betm projxised that the corresponding member of 
the thorium series, meso-tliorium, should be used, which has a 
half-period of 0.7 years**’ and would be effective for a period 
Hullicient for all i)ructie.al purposes. Walsh has discussed the 
theory of meso-tliorium paints and developed the theoretical de- 
cay curves. Meso-thorium itself emits no a radiation, which 
must bo generated by the growth of radio-thorium with a half 
period rate of 1.870 yenrs,** which involves the disadvantage of 
reciuiriiig the “ripening” of meso-thorium salts for one or more 
years Ixdore using, but Uk^ advantage that, if used before a radia- 
tion altnins a maximum, its growth will in part compensate the 
deterioration of the ZruS. It has been reported that the use of 
radio-thorium for luminous paints has become common in the 
Bwiss watch industry. The parent meso-thorium is employed 
thcrapeutifally through the use of its y radiation, and at suitable 
intervals, a year or two, the salt is put into solution and radio- 
thorium procipitfitcd for luminous preparations, the meso-tho- 
riura being then returned into therapeutic use. It is questionable, 

II. B. Moore, Mull, Am, JftiMt, MH, EnpM„ Awg.» 1Q18. 
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however, if tliciise of sueli n slmrl-livctl itnt.liu-l railiu tlmriuin 
in the hmiineUH piiint itulu^lry lem 1 h- 

The method of preparioK iiho-idiiin- /iin' ullnif lias not 
been fully deserihed in Hie liliTaiinv. Cry lalluii- ZnS iSidut'K 
blende), also called hexaRniial ZnS, oait bo iin par. d in a variety 
of wayH. Ita phosphoi'i'^^ciMil qualiiie- vary ar< aity and appear 
to depend on at least two I’aciors. the beat iieatiueni and the 
presence of smidl <iuautities of eeriain impnntie-e 'pjj,. tnethndH 
in commereial use have been earelnlly piiardi d ami it r. not pun- 
siblc to give full deiiuls. 'I’be beat ireaiineni emi i t m raising 
the ZnS mixture for a liniiled lime nut oi eoniaet with air to 
a temperature !it which ineipii-nt ers .(alli/ainm bevdti . The de- 
velopment of lai’nt', coarse crystals |s (,» br aviodi ■!; on the nlber 
hand, the eiystnlliiio striieinn- siionld be di tim i alter eunlinii;. 
Mnc grindhiK of the cryst.als d;.mar;i ib»n hiiinne .mt ipialilie.s. 
The toinpcrtdure fiiiil linie of heaiini;; will di pi ml in a larne ex- 
tent upon other exiieriim-ntal eondiiion : wm in iiiHi at 
least is neet'ssary for best- re-nlis iliniieb nine jibn j>bnre-eenee 
begins to be. tlev’elojied as low as liim . biiKi aj.pi ar ■ in be the 
upper limit at wliieh favorable n- nil ean In i.bi ained Willi 
respect to the iminirities necessary there i iln- widi i diverKenee 
of views. It has even been elaina-d ibai lie- pnn i jm- -dde ZnS 
is best. This has been deliniielv di prnvi d le, i xpinmenis of 
C. W. Davis"® in the laboratory of the 1 > iPoi .,n ni Mhum, 

Starting with a very pure r.iiie spi-lier and labnie. m at pn-ean- 
tions with all the. reagents used, ii was pn ib'.e in pi.-paie ZnS 
of such purity Hint no heal liealmeiii wnnbi dis. i Inp anv pbos- 
phoreseent properties fuward.s oidinaiv ln>!ii aod nidv a fainl 
luminesceiieo under (he net ion of rebiimiv laree •pnoiiiiie. nf 
radium emanation. 'I’lie admixitnvs wlneb have l.i . n nieuiiuned 
as advantageous aromuiigaiie.se. eopprr, or be iuniii ■, s,ti|nim 
chloride, and salts of the rare earths, ( ’In um d « x uoinafion of 
some eommereial sample.s of phosphnn nui ZnS ha . laibd in 
disclose tl 1 C effeetivo impiirilies and ii m i|iiisr pn d.b- fliai the 
quantities required are not eheimeallv di ii rinmabbv li also 
appears that neutral sultn are sonu'imies adih ii i** 'eamnuliage** 
the presence of the effective agenl.x. 

The nronerties of nlmtai! 
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cort-ain purpose's it is (U'sirablc to obtain a rather non-pliosphor- 
cscont preipuration Tor radium ])aint. 

The unturo and i)ropurtions of the mierochcmical admixtures 
are varied aoeordiuK to the use for which a given luminous ma- 
terial is intended. Jnerensed intensity seems always to bo at- 
tained at the expense of the duration. * 

Many otlier idiosphortiseent substaintes rcfspond to various 
kinds of radialion. ZnS is tlie most sensitive to a rays; barium 
])hitinocyuni<le is more sensitive toward (-i, y, and X rays. Wil- 
lemite, natural and artilieial, resjionds to both a and penetrating 
radiation. Many miiKa'als have been found responsive to cathode 
rays, tliough dilTerent sp('eimenH of the same mineral show great 
variations. Kunz and Haskerville have described the luminous 
effec.ts produced in dilTc'rent gems by radium rays. 

Tliere an; among the alkaline earth sulfides also a number 
of compounds or mixtures which are strongly idiosphorcscent fol- 
lowing exposure i.o light, which do not respond to radiation by 
radium rays. 'I'hcy have been fully treated by Klatt and Lcn- 
ard,”” by Wiedemann and Schmidt, by Waentig,'"' and others. 
It is beyon<l the. scope! of the jiresent work lo go into the subject 
further than lo point out that it aiJpears (juitc well established 
that the. reael i(ais are. physieu-chemicai in nature, that the pres- 
ence of two or preferably tlircT, components is necessary to pro- 
duce a responsive compound and that in all jirobaVdity the for- 
mation of a dtnible compound in crystalline form is necessary. 
According to modern ideas crystals are molecular aggregates so 
that there is no conflict witli this vi<'W and Rutherford’s theory 
of active centers. Waenfig treats the subject from the physical- 
chemical view of solid solution. 


26. General Oharaoter of the Chemical Effeots of the Rays of 
Radium. 

Before iiroeeeding in the following chapters to consider in de- 
tail the, (luantitative side of the chemical reactions brought about 
by Iho ratliations from radium and otlier .sources, it will be of 


®U1, Kuass flnrt V. Ilnskt^rvini*, Mtnrtu IH, 700 (1003). 
a«P. fkttd V. Klntt, Aum, UH, UO (IHHO), 

WlfHlpmftnn ntid CJ. C. BHimUlt, ibfd. 54, 004 (1805) ; 50, 201 (1805) ; 
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some interest to toiieli lirielly dii miiih' til' llii-ir Ufiit-ral flinniei, er- 
istics andlo cominire them willt uluiliH-lniiuea! naet inns. 'I’hc 
wide variety of cliemical uelinti't lirntiiilii almuf, pari ieularly liy 
the a rays, is sui'jn'isiiiK. ami tnie iiumi In- .'■tnieK liy the univer- 
sality of the plienomeiiiin of elieniieal eli.ane.e li\ furini.'.euliir ra- 
diation. This is in niarkeil etmlraM wtlli piitiiin lienueal .aetinn, 
where the speeilic. nature itf (he reaeinin ami ni ihe >V'.iem lieiiii? 
acted on depeiKhs eiitiri'ly upon ilm vv;tvflenv,il) ni the li^hi, m„j 
its capability of beiiiK uh.'torlieil by llie Ki\eu .■y-it m. Tlie highly 
specific and selective nature of plitiliteln inieal reaeiinns is their 
chief characteristic.; whereas, we lind dial n ami |! ray.-<, in Iheir 
passage thnaigh mnleeule.'i. are alimel tinner ally eapahle nf 
changing them cheinicttlly ; their m'tioit dm- mti depend upon 
any reciprocal relalinn with the jiiiim m- imdu ide .-itl'ei-ted, sim- 
ilar to a resonance elTeet. thriin; in die m nn ndum-i kinetic 
energy of the. n part icle.s they tiUvay- intn/e ami iieipimily prii- 
ducc chemical changes in the .Hith .lami '. flm.in-h which they 
pass. Several dilTerent views have hecn lAjin -i d najacdnig the 
mechanism of the. reactions, whieh may lie ela- itmd in general 
terms as: catnlylic, meelianteal and eh-cirn al 1 le rti ■-inn nf 
the theories will he deferred unid after the evptrimenial data 
have been presented, hut if may tmi In- aim--> fu -rati- In way nf 
anticipation that tlie evidence snppMrling an elei irieal nr itmixa- 
tion theory of the eliemieul elTeets appcar-i tn have mmli in 
its favor and will be given full euitMideraimn m f 'hajiiei -- 7 to U. 



Cliapter 5. 


Clioini(‘nlly Quaiilitnlivo Investigations in Liquid 

Systems. 

26. Decomposition of Water by Radium Salts in Solution. 

The firnt olwerviilioiw of l-Iie (lecoinponiliou of wiitcr by ra- 
dium in Bolufion were qualitative, as has alnaidy been men- 
tioned. Ah soon a.M a standard for the measurement of radium 
was raado possibh^ IIirouKli tlie rt'searelie.s of Mine. ('-uri(‘, it ap- 
peared to be v('ry simple to meaHUre the, amounts of hydroReu 
and oxygen liberated from solution per unit of radium in unit of 
time. The. wide variatioi\s in the vidues n'ported by different 
authorities were sunieicmt, however, to eonvince one tliat the sub- 
jeet was more eomplieated than was at first antieiiiated. 

Although the decomposition is produced mainly by the a rays, 
which would bt' entirely absorbed by very thin layers of 'water, 
and which, so far as lhos<‘ from radium alone are concerned, 
would expend all their enerKy within the liquid system, additional 
factors must be considered. In the first place, it was not at qnec 
recognized that the decomposition is really due to « radiation. 
It should be mentioned here anil reiterated as later occasiona 
arise, that the first attempts to exjilain the chemical effc'cta of 
radium, somewhat naturally Imt unfortunately, took the uncer- 
tain paths of catnliimH, which was jierhaps regarded as peeuliarly 
suited to explain the (<ITeets of the radioaetive changes, them- 
selves so puzzling lo chemists in llie beginning. It was not until 
1910 that Usher ' stated that the reactions are due to a rays and 
can in no sense he regarded as eatalytie. This means simply 
that more definite laws have been established - wldeh may Inter 
bo aeeomidislied for other elasses of reactions now classed ns 
catalytic. {Hee also § f>8.) 

The second factor whieli produced etmfusion and which goes 
hand in hand with the failure to recognize that the decompo- 
sition is due to n rays, was the false idea that tin* seat of reaction 
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is confined to tlio riuliuiii in solution; Avlii'i’i'iis, in I'l'iiliiy, vudiun 
emanation distrilmtcs itself, as would any sHkIiIIv soluble n;as 
between the liquid and gas phases in a pruporlion dependen 
upon the temperature. The a radiation from tlu' nas jihasi' i: 
much less effeetivo than that in the water, since part of (he lae 
diation is absorbed by the walls of the eonlainer. In some earl,^ 
experiments a small amount of water was used to Imlil (he ra 
dium salt in solution in a relalivcdy larjue vessel, (bus irread.'i 
reducing the eineiency of absorpdon ol (lie radiadon by (la 
water to be acted on. 'I'aking into aeeouni the iiavfidon of (la 
emanation and its active! jiroduels, i(. is e\’iilen( (hid no(- only (la 
relative volumes of gas and liquid ]iha.ses, bid also (he lemperU' 
ture, the surface of the liipiid phase, and the absolute diinensioui 
and the shape of the containing ves.sel would inlluence (he anioun 
of water decomposed by a given (piiudiiy of radium in soludoii 
Neglect of these faetors aeeounts for the wide vnrialious in dif 
ferent cfliscrvation.s. Maximum deeomposi(ion can be idiainei 
only in the alxscnec of any gas phase, which is dilliciiK: to ri‘alii',i 
on account of tlie evoludon of hydrogen and oxygen. Tliesi 
conditions have perhaps never lieeii fiiKilled experimeidally fo 
a radium solution, hut an indireid ealeiilid ion will givi' ( he maxi 
mum sought. Duane and Seheiier “ found for radium emumdini 
in equilibrium willi Ha A, B, and 2.!) em.-' (jht Imnr |ier 
curie) of electrolytic gas. Assuming (lad (he deeomposi(ion prn 
duced by the a partieles of radium is pnijioriional (o (lie ioniza 
tion or to the energy absorbed (.see Talde 1, page 2Sl. one eal 
culatcs for the maximum deeomposiliuii of wider by a nnliiin 
solution in equilibrium with Ra A, U, and (!; :l.ii em,^ of hyilro 
gen and equivalent oxygen per hour jier gram of radium. Ktille 
consideration of tlio rcsultH of Duane and Selieuer and nf I '.she 
on the decomposition of wafer by radium einanadou will bt* re 
served for the following cliuiiler. 

27. Formation of Hydrogen Peroxide in Water. 

It has been observed by Runge and Bodliinder." HamsaV; 
Kernbaum,' and Duane and Scheuer" (Imt (he mixture of liydro 

* W. THinnn find O, Flchpiior, Lr ItiuUum 12 (lUirn. 

■C. nncl (h BodUlndcr, Ht‘r. Htt, 
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gen and oxygen obtained by the decomposition of water by ra- 
dium radiation contains an excess of hydrogen. The excess is 
greater in the early stages of the reaction and has been found 
to amount to an excess of 36% above theoretical in one case.® 
Kernbaum showed that hydrogen peroxide is formed in the wa- 
ter in an amount equivalent to the deficiency of oxygen in the 
gaseous mixture. As the quantity of hydrogen peroxide accumu- ’ 
kites in tlie solution a point is reached where its rate of decom- 
position just balances the new formation, under which condition 
of dynamic equilibrium the gases evolved would have normal 
composition. Thi>s explains the gradual diminution in the ob- 
served oxcicss of hydrogen. It is also conceivable that under a 
slightly changed condition, such as rise of temperature, decom- 
position of peroxide might for a time exceed its formation which 
would result in an ox(5CSs of oxygen. The decomposition of 
is partly spontaneous and partly produced by the radiations (see 
following section). Kernbaum (Zoc. cit) reports that the action 
of the penetrating rays results exclusively in the formation ©f 
IT.jOo, the gas evolved being pure hydrogen. Kernbaum found 
that the energy utilized in the formation of H^Oa is about 1/10000 
of the total, and'Mme. Curie ^ estimates that the available energy 
from the penetrating radiation is about 1/100 of the total, and 
that tlieixdore tlie energy utilization of penetrating radiation is 
about 1%, Kailaii^ on a similar basis estimates from his results 
about 1.25%. 

28. Reactions Produced by Penetrating Rays. 

A motliod of very general use in the examination of the chemi- 
cal offaetR of the rays of radium, particularly in liquid systems, 
consists in exposing the system to the penetrating rays from a 
closed preparation of radium, usually sealed in glass. This 
method has tlic advantage of great simplicity of manipulation, 
and of constancy of the source of radiation for any desired 
length of time. The disadvantages consist in having to use rela- 
tively large quantities of radium since only the penetrating rays 
arc available, and in having to be content with only a rough esti- 

M. Kornbnum, Tto Jindliim 7, 242 (1010). 

Curio. "Trnia^ do KndlonoHvitfi” (1010), Vol. IT, p. 251. 
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mation of tht* propoHion c»f tlu* nniialirjn find, is fllVctively 
nl)Horl)tHl. 

Kxprnmrnts of Koilau. A vi-ry i‘\!insivt* srrit's nf ox])m- 
monls has Ihm*u curriod o\\i with lurj^t* quant it irs i»f nulitun in 
the Inst.ilut f. HntliumfnrsrhuiiM: itt \di‘uua liy AiPon Kailatu who 
hius invosUti;u(e(l a lar^e imniher (*f iintmanir mul {«re;anii’ roaelion 
of very varied eluiracdeix 

'riu‘ deronipusition of 11;^, *'* wa>- inve>rmafrd at Id-lf) ’ aufl 
at 25'* in parallhied and in hare ve*«*«eh^ an<l was ftaind to 
t-ak(‘ plaee approximately ataairdinn to a lir^l t»rder etpialion. 
The temperature etu*thi*ient is hm\ 12 per HI i\ whieh is a 
’I>rtipi'r(y eomtntm to nu>s{ railii*^ and ptioloadainien! reaetions. 
The vehu'ity of deeoinpiisitiou was iuutni inrrea^t^ with the 
Hlrenglh of the nulium preparations, tluui|»ti nut tpiifi* pritpor- 
ti(jmitely to it. 

Itninj;!; a preparation eontainiim 2dU urns, uf raditnn elenaait, 
Kuilan wan able to eonlirm Keriihaunds th^euvery (mh* pre« 
mling Heelitni) of tia* i^nHluetion of Ud), in wafta*. 

Kailua also Hludical thi^ derump«*'^ition of tin* nlkarme (Na 
and K) iodiileH,^^ mul later of the nlkahiu* earth ioilidi's/'^ in 
a(iueouH Holutitm, m wtdl ns the elYert i»i the juiut rating radia- 
tion tm HevenU <dher im^tKanie eompoumte'^^ Hie ileeunipi^sition 
was greater for Kt than for Nal, and gri-iifti* fur ludh eults in 
u(‘id than iti utmlral stduti<iti. 'Hie rut** of itreunipu>ttitin rises 
very rapidly with the ndtlifiun of the lir-^^t ([umitities (tf arid 
(5x10 ® molar (hmhles the ndet, htif afterwards tlu' inrr<‘aH(* is 
slow for further inereasc’ of arid, 'rhe deeuiiiptedtiim (»f the* 
iodides also inerenses with the salt roneentrat iiin, hut far below 
dircet proportionality. 

A Homewhut puxrding n^nnlt obtained l^y Kailan in eemneetion 
with the deeompoHitum of KI is that tin* rate in utaUral solu- 
tion luiH a negative temperature eoetlieient. An explanation may 
bo sought in the well-kiujwn fart that radioehendenl nxaet ions 
usually have either no temiJernture ecHdlieient or very stoall tmes, 
whieh would nceoimt for no ndditioruil tlecaimpoHiiitin with in- 
crease of taraperature. The acdun! observed (lifiilnigllon in rate 
would then be explained l^y the ordinary inlluetua' of tianpera- 

>“A, Kailajif \Mm Ittt. ii&, r«nn {HUin 

“A. Knilnn, Ibid., I2fx iHUli. 

’®A. Kalina, Ibid., 1S2, 7K7 Miti cUHai, 
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turc on the reverse reaction between the liberated iodine and 
alkali. When one attempts, however, to apply the same rea- 
soning to decomposition of KI in acid solution, which, according 
to Creighton and McKcnzic,^^ also has a negative temperature 
coefficient, the explanation becomes more difficult. Kailan fa- 
vors the view that decomposition of KI is due to the direct de- 
composition of clectrolytically undissociated salt molecules. It 
appears much more likely that the radiation first acts on water 
to produce an activated (nascent) form of oxygen which reacts 
with KI in a secondary reaction. 

Penetrating rays were found by Kailan to reduce ferric sulfate 
in aqueous solution, similar to the action found by Ross’-’^ for 
ultraviolet light. The decomposition of KBr solution was found 
to bo 20-100 times loss than that of KI under the same condi- 
tions. Decomposition of CaCla could not be detected. The de- 
composition of the iodides of the alkaline earths and of mag- 
nesium disclosed the same general. relations as did the alkaline 
iodides. No relation between rate of decomposition and molec- 
ular weight could be established. 

Comparing the effects of the penetrating rays with those of 
ultraviolet light, Kailan found that a quartz mercury lamp at 
8 cms. distftnee gavo the same amount of reaction in periods of 
time 200-800 times shorter than did preparations of radium con- 
taining 80-200 mgs. of clement placed directly in the liquid. 

Kailan “ also investigated the effect of penetrating rays on a 
number of organic compounds and reactions. The inversion of 
cane sugar was observed and referred to the secondary action of 
a primary acid formation, which was confirmed by the much 
smaller effect produced in grape sugar. Ester formation from 
alcohol and acid is not notably affected by penetrating radia- 
tion. The decomposition of esters takes place to some extent, 
but appears to bo more of the nature of a shattering of the 
molecules than of an ordinary saponification. The conversion 
of nitrobcnzaldchydc into acid was produced at a rate of 10-20 
thousand times as slowly as by a mercury arc lamp at 8 cms. 
Ghinon and oxalic, malonic and tartaric acids showed no posi- 

» n. J. M. Creighton and A. S. McKenzie, Amor. Chmi, Joum.j 89, 474-98 
(1008), 

51^ W, H. noun, J. Am. OTum. 8oo. 28, 780 (1007). 
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tive effects. TIio clcc.trieiil eondiKffivity of fiminric! ucid is raised 
and that of maleic acid lowered by penotratini^ rays, wit.li the 
difference that tho magnitude of the effect is about ('(jual for tlie 
two acids with radium rays, but imudi greater for maleic acid in 
ultraviolet light. Thts seems to justify tho conclusion (hat tlie 
photo-equilibrium betweem the two stereo-isomers would differ 
from that reached under the inlluenct'. of (I and y rays. 

Kailan’“ has also examined the effect of peuelral ii>g radia- 
tion on chloroform and carbon tetrachloride md compared the 
effect on the former with that produced by nil r.aviolel. light.. 
The radiation from 80 mgs. of (dement was allowed to act in (du! 
absence of light for ubiait three years. In bo(h cases (lu‘ chief 
reaction is through the interact, ion with oxygei\ of (ne air; in the 
case of chloroform resulting in the formaiion of henacblorelhane, 
in the case of (uirbon tetra(dilorid(! in the formaiion of (ddoriiu', 
and likewise of hydrogen chloride from the reaction of phosgene, 
primarily formed, with the water present, in the compounds. The. 
total decomposition of 30-45 cm.-’' of in three years anaamted 
to to while about twice this tiuanlity of (fflCl,, was 
changed to the (ixtent of '/| to Vel/f' in tlu; saints time, showing 
that the absolute ciuantity of clnuigc! was of the sanu' order in 
both cases. Similar effects were produced by ultraviohd. light 
in about l/300th of the time reciuired for pemd rating rays. 

The effect of penetrating radiation on (olueiu', both in the 
preschce and abscnt-c of water, has been dtdi'rmined by Kailun,”' 
using 80 mgs. of lla (dement for a period of two years. 'I’ln' 
products of reaction in tins presence of air were benziddehyde, 
benzoic ac,id, and probably formic aeid. In the. ease of dry 
toluene, less than %% was changed in two years. Mff('cls of 
tho same kind and magnitude could be (d)tained by 22 IiourH’ 
radiation with a quartz mercury lamp at 8 ems. The effect of the 
penetrating rays from 110 mgs. of element in two years on 50 
cm.* each of toluene and water produced about three times as 
much acid as in tho case of dry toluene. Aliout 70% of the 
acid was benzoic, and about 30% formic, lladiation for 22 lumr.H 
with ultraviolet light produced a little less aeid tlian the two 
years of penetrating radiation. The. products consisted of 44% 
benzoic, 36% formic, and 20% oxalic acid. 


Kalian, BiWb, Akad, Wt8s, IFiat lla, UG, 741 (1017), 



Chapter 6. 

Kea,(d:ioiiN l^i-odiu'od by lladhim Emanation, 
(bhrst Experiments.) 

29. Radium Emanation as a Source of Radiation. 

In most rospoc'ts rudiuin emanation has advantages over any 
of tlic other forms of radioactive matter as a source of radiation 
in the study of the production of chemical reaction. These ad- 
vantages have already bcaai considered in some detail in § 14. 

Tlic heat evolution from one gram of radium in equilibrium 
witli Ka C has been determined by Meyer and Hess’ to be 132 
small gram calories per hour. The evolved beat is generated by 
the absorption of the Viirious radiations in the matter through 
which they pass. Rutherford - has calculated the following dis- 
tribution; a particles (including recoil atoms), from Ra, 25.1 
cal.; from Kmanation, 28.(5; from Ra A, 30.5; from Ra C, 39.4; 
total ISS.d; (t rays from Ra 0, y rays from Ra C, 6.5; grand 
total for radium in equililirium 164.4. This agrees well with the 
result of Meyer and Hess obtained under conditions where only 
15% of the Y radiation was absorbed. 

For radium emanation in equilibrium with active deposit, the 
total from a rays and recoil atoms would be 109.3, or, including 
(■) rays, would be 113.(5 cal. These heat .emissions can be used in 
calculating the energy ciricicncy for any given chemical reac- 
tion in which the absorption is complete within the system. In 
cases of incomplete absorption in the chemical system more 
roundabout methods of calculating the efficiency must be re- 
sorted to. 

The total ionization per second produced by radium emana- 
tion when mixed with air in cylinders of different sizes may 
be approximately estimated by means of the empirical formula 
of Duane and Labordc,® which may be written in the form; 

*st. Meyor and V. R TIosb, Bim. Akad. Wiaa. TVio» Iln, 121. 008 (1912). 

; “ IlutUecford, "lUicUoactlve Bubatances/’ p, 681 (1018). 

Wm. Diunio and A. liabordo, Lc Radium 7, 102-4 (1010); Duaacb Comp, 
rend. 140, 581 ; 7B0 (1905). 


65 



66 GHEMIGAL EFFECTS OF ALPHA PARTICLES AND ELECTRONS 


X = I (max.)/13.5(l-0.672.S/V), in which X is the (ixinntity of 
emanation produced per second by 1 gram of radium, I (max.) 
is the saturation current in elcctro.statio units after 3 hours 
when emanation is in equilibrium with its (Uu'.ay prodtuvts, H is 
the inner surface of the (duunbor in cm.-, and V tlu'. volume in 
cm.“. The conversion fac.tor from gram-seconds to curit^s of 
radium emanation is: 1 curie = 4.79r)xl0''gm.sccs. 3'hc formula 
of Duane and Labordo is purely empirical and do('s not apj)ly 
accurately, as has been shown by Learning, Hchlundt and Under- 
wood to chambers of volumes or shapes very dilTensib from 
those employed by Duane and Laborde. Tlie. ionization pro- 
duced in gases other than air can also be approximately esti- 
mated by applying a correction for the. specilic ionization of the, 
given gas (Table II). 

30. Experiments of Cameron and Eamsay. 

In 1907 and 1908 Cameron iind Ramsay ** carried out an ex- 
tended series of experiments on the chemical action of radium 
emanation on water and on a number of gases at ordinary tem- 
perature. Reactions were chosen that would proceed with a 
change in pressure at constant volume, by nuums of which the 
well-known manomctric method of determining velocily of re- 
action could be applied. Since the. (piantiiy of chemical atdion 
produced, even by relatively large (juantitic'S of emanation, is 
small, it was necessary to coniine, the, reiicting substances in 
volumes so small (1 to 4 cm.''’) that the pre.ssurc changes could 
be readily measured. Although the employment of such small 
volumes appears disadvantageous frtnn the standpoint of the full 
utilization of the a rays, the practice is not only justified by flic 
accuracy of the measurement of the pressure changes, but also 
presents an additional simplification if one wishes to calculate 
the ionization produced in the gases (see (fiiapter 8), 

The apparatus used by Cameron and Ramsay is shown in 
Ties. 3 and 3a. The introduction of enuvmition into Ihn tcui'Hiiu 
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collected in vessel C, where (he liydmgc'n and oxygen wen* re- 
moved by memis of the spark gap 1), Alter exliaiisling all the 
apparatus above tlic .stopcock h through \'\ the emanation u!hI 


Fin. 4.— Vauiouh lliuntioN VK'«mKt,H tw 

A. I.)6Coinpt)HUlon of F. If*? t-np ; onmliiu.iUou of U, ti, uU^\ ; V wm 
blnntioii of otkI (molKi) ; I). rlmnitpoNttfoit of wulor. 

residual gases were allowed to pum through tlie drying 
bulb G into K. Any gas or gnscouH mixture to he investigated 
was introduced into the reaction ehtuiiber in tiu’ suitu? way, be- 
fore the introduction of emanation. 



TABLE III 


Results of Cameron and Ramsay on the Decomposition of Water 

by Emanation 

Reaction; (2H,0) = 2H, + 0^. Water Vol. = 2.302 c.c. 
Gas Vol. = 3.789 c.o. Ra Em. = 31 milli-curies 


Days 

Pr. in inm. 

Vol. in c.c. 

Vco-Vt 

Voo-Vo 

% 

Ra Em left 

0.0 

fl9.9 

0.200 

0.390 

100.0 

100.0 

0.25 

42.6 

0.212 

0.378 

96.9 

95.6 

0.81 

49.7 

0.248 

0.342 

87.7 

86.4 

0.92 

52.6 

0.262 

0.328 

84.1 

84.8 

1.89 

62.8 

0.310 

0.280 

71.8 

71.4 

2.80 

71.8 

0.358 

0.232 

59.5 

60.5 

3.81 

80.5 

0.401 

0.189 

48.5 

50.6 

4.81 

86.4 

0.431 

0.159 

40.8 

42.2 

5.81 

90.4 

0.451 

0.139 

35.6 

35.2 

6.81 

90.7 

0.484 

0.106 

27.2 

29.5 

10.07 

107.9 

0.538 

0.052 

13.3 

16.4 



(0.590) 


0.0 



Tli(! expcriniental arranKornont for the measurement of the 
clceornposition of water is shown in Fig. 3a. The water was in- 
trocluecHl immocliately over the mercury. In order to measure 
several different reactions with the same manometer, the arrange- 
ment shown in Fig. 4 was employed, in which the special uses 
of the various reaction vessels arc indicated. Vessel I) (Fig. 
4) was the form finally adopted for the decomposition of water. 

In Table HI will be found the data of Cameron and Ramsay’s 
Expt. 3 (loc, cit; p. 973) for the decomposition of water in 
the apparatus shown in Fig. 4. 

Voo, Vt and Vo are the final, intermediate, and initial vol- 

Voo-Vt 

umes respectively. The fraction 100 y^Zy' percentage of 

uncompleted reaction at any time t. The last column shows the 
percentage of emanation remaining at the corresponding times. 
The last two columns arc in approximate agreement, from which 
Cameron and Ramsay deduced the general law that the rate of 
reaction is always proportional to the quantity of emanation pres- 
ent. It follows that half of the reaction must be completed in 
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the half period of emanation, whieh is 3.85 days. Cameron and 
Ramsay found the average value of the time recpiirc'd to half 
complete the reaction in seven different ('xperimenis, t wo for the 
decomposition of water and five for the. <’omhinafion of Iiydro- 
gen and oxygen, to be 3,8(5 days. The law that the rate' of re- 
action is proportional to the (inantily of emanation and dimin- 
ishes at the same rate with its decay can he accepted for a Ihiuid 
system, as in the decomposition of water, but in a gaseous sys- 
tem in which the pressure changes, it no longer holds e.xeept itx 
special cases, as will be .shown in (Chapter K. 'rii»> eonelnsion of 
Cameron and Raimsay that "eacli atom of em.aimtion as i|. dis- 
integrates produces the same amount of chemical action” is also 
subject to some inodifieaUon.s. 'Die disintegration is elTeelive 
in producing chemical action only tiu'cnigh tiie accompsuiyiug 
emission of an a particle. The amount of reaelion Itronglit ahont 
by each particle will depend upon the lenglli of its putli in the. 
gas phase, which will evidently vary for dilTerent. partii’les from 
zero up to the longest path possible in a given ve.s.sel, or in large 
vessels would he limited by the, range of n jiartieles in the gas. 

In Tabic IV will be found the data from (lumeron arid Ham- 
say’s Expt. 4 {loc. at., p. 974) for tlie eombiuation of liydrogea 
and oxygen in the moist gases. 

By comparison of the last two eolnmiis if. will be oI)serve(l 
that the rate of chemical action shows a decided lendeney 
to exceed the rate of decay of emanation, 'rids means that (he 
utilization of the a rays becomes less eoniplete as the ri'aetion 
proceeds, owing to the reduetion in pres.-iure and eoii.-^etUK'iil. 
diminution in tlic number of molecules eneuuutered by each 
particle. Later (sec Table XI I, eases will lit' given where larger 
quantities of emanation are used so (liat flie gas prei^siire changes 
through much wider limits, and the diserepaney l)ee<unes mneli 
more pronounced, showing tliat (tameron and HnmsayV haw is 
a special case, applying in gases, only when the pressure elinngo 
is slight. This can be illustrated further by (a)in[)!irison of the 
last two columns in Table V, in which the amount, of emanation 
used is smaller than in Table IV, ctinsecpiently the relative pres- 
sure change is less and tlie agreement hetwei'ii per (amt of naietimi 
and of emanation decayed is almost as good as in the case for de- 
composition of water (Table Ilf). 

In the experiments just reported with moist gas, (lu! plain 


TABLE IV 


Results of Cameron and Ramsay on the Formation of Water by 
Emanation (Moist) 

Volume of Tube 2.186 c.c. Ba Em. 46.5 milli-curies. 
Reaction 2 H 2 -|- O 2 = ( 2 H 2 O) 


Days 

Pr. in mm. 

Vol. in c.c. 

Vt-Voo 

Vt-Voo 

100;^^^ 

Vo-Voo 

% 

Ra Em left 

0.0 

523.5 

1.505 

0.668 

100.0 

100.0 

1.02 

487.0 

1.401 

0.564 

84.4 

83.2 

2.07 

442.0 

1.271 

0.434 

65.0 

68.9 

3.07 

405.6 

1.167 

0.330 

49.4 

57.6 

4.13 

384.5 

1.106 

0.269 

40.3 

47.6 

4.99 

369.5 

1.063 

0.226 

33.8 

40.7 

6.11 

352.2 

1.013 

0.176 

26.3 

32.3 

7.07 

343.5 

0.988 

0.151 

22.6 

28.0 

9.11 

321.4 

0.924 

0.087 

13.0 

19.4 

10.16 

319.3 

0.919 

0.082 

12.3 

16.1 

11.04 

316.6 

0.911 

0.074 

11.1 

13.7 

12.10 

312.3 

0.898 

0.061 

9.1 

11.4 

97.0 

291.0 

0.837 

0.0 

0.0 

0.0 


form of tube (Fig. 3a, p. 67) was used. In Tabic V are the 
results of Cameron and Ramsay for dry hydrogen and oxygen, 
using the form B, Fig. 4, in which, part of the tube was filled 
with P-jOa. No difference was observed by Cameron and Ram- 
say in the action of emanation on dry or on moist hydrogen and 
oxygen. This has also been confirmed by Lind.'^ 

Cameron and Ramsay {loc. cit.) also measured by the same 
method the effect of radium emanation in decomposing 
COa, CO, NH.t, and HCl gases and in synthesizing NHa from its 
elements. The data for some of these reactions will be pre- 
sented in Table X, § 42, in a somewhat different connection. 

Before passing to other experiments it should be mentioned 
that Cameron and Ramsay regarded their work as preliminary in 
nature and it has since been shown ® that the quantities of ema- 
nation reported by them were probably higlier than the quanti- 

»S. C. r.lnd, Journ. Amcr. Ohem. Boo. J,l, 540 (1019). 

• S. C. 1,1ml, liild. 41, p. 534 ami pp. 540-60 (1010)'. 
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TABLE V 

'Results of Cameron and Ramsay on the Format ion of U nlir by 
Emanation (Dry) 

lloac.fcion: 2IL~1-(L- (211,. (B 

Expt. 6 [he. eit., p. 077). Vol. of 'rubo -I.OOb c.c. 
lla Em. 22.0 milli-curi('.'<. 



tics actually present (§ 44). Neverllieliw llicir pioiiccr work is 
of great interest on aceounl of Us scoiie and iiifllnHE, and roiire- 
sents the first serious attempt (o deal experiment ally with tliis 
very interesting subject. 

31. Experiments of Usher on the Ammonia Equilibrium, 

In 1910 Usher,® working in the laiuiratory id Uam.-^ay, made 
an exhaustive study of (he decomposition find forimdion of 
ammonia by radium emanation. He definitely stfded, wiint 
Cameron and Ramsay had already considered as po.ssible, (bat 
the a particles are the real agents id the react inn, and made 
the very important lulvanec in reeogniKing clearly that inerease. 
of volume will increase the amount of ehemieal fiction produced 
by a given quantity of emanation through the lengthening of the 
effective paths of tho a rays. Usher calculated that the tiveragc 
number of molecules decomposed by each a particle in a large 
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volume (2 liters) was 134,000, which he estimated to be 90% of 
the maximum, were all the a particles wholly effective. Through 
considerations involving ionization LincP® used Usher's data in 
calculating the maximum number of NH.^ molecules that would 
be decomposed by a single a particle to be 274,000. From more 
recent experiments of WourtzeU’ it appears that the number at 
ordinary temperature must be at least 388,000. The higher effi- 
ciency found by WQurtzel for the decomposition of NIT^ by ema- 
nation appears to raise some doubt as to the quantity of emana- 
tion reported by Usher, similar to the discrepancies attaching 
to the data of Uaineron and Ramsay (§ § 30 and 44). 

With Hispect to tlie reverse reaction, the formation of NIT^ 
from its elenamts, Uslier found a reduction in pressure, as had 
Cameron and Ramsay, but on analyzing the gaseous products, 
failed to find any (‘crtain quantity of NIT.j, and coneduded that 
the reduction of prc'ssure was due to some other cause, possibly 
to the removal of hydrogen by being driven into the glass walls 
by the (x ])artiides. Ac(H)rding to Usher, therefore, the ociuilibrium 
2Nnjj Nji + 3Hy, in the. i^reseiu'e of radium emanation at ordi- 
nary temperature, lies praeti(udly wholly on the side of decompo- 
sition of NIX;,. 

'«S. (\ Lind, Joum. RU\ih. Vhvm. t(t. dOa (1U12). 

10. Woiirl/.ol. he iitnUum 11, 3*12 (11)11)). 



Cluiptc'r 7. 

Eelation Between (^asc'ons luiiization and K’adic 
elieini('al ^jlTecis. 

32. Historical Development of the Ionization Theory of t 
Chemical Effects of Corpuscular EacUation. 

In the forcgioiiig ('liupl('r.'< (he clicmii'nl clTcfts of Ihc nul 
tions, particularly of the uray.n, of nuliiuii Ituvo ticcu riui.-iidtT 
first in their qualitative uiitl fheu iii (heir (luaiilitalive relalu 
ships. The quantitative eharaefer of (he invest ijuatiims has i 
tended to the mcasuromeut of the eheinieal ehaiiKe pnnhieed, a 
included a certain knowledge of (he iiuautity of radioaetive n 
tcrial causing the change. As ha.s already lieen pninted u 
this knowledge, though important and quite .as far-riaiehing 
that possc.sscd in some other hranehes of r.adiuehenii.hry, fi 
nishes little information as to the* true relation lietvveen (plant 
of radiation and chemieal eliaiige, since the aelnal (plant ily 
the former utilized in bringing ahout (he hitter was known oi 
very approximately, on umamt of losses of radiation to i 
walls of the vessel and other losses dillieult to take into aeeou 
These difficulties arc no greater (Imn ari' met in dealing vv 
other forms of radiation, and under experimental eondif ions pn 
crly controlled, the dillienlties are. much less with ic radial ' 
from radium emanation than with other forms of radiant etieri 
Very definite laws have been estahli.xhed K'hapler 'it for i 
absorption of a rays in gases by nieaii.s of a study of the ioiii; 
tion produced. As will bo shown in tlu* present elmpter, it 1 
proved very instructive to relate sliitUieidly the ionization ii 
given system to the chemical action. It is perhaps n mat 
of surprise that such comparisons were not made earlier tli 
was the case. It will nob he without interest (o point, mit so 
of the reasons historically. Of ecairse, no such eompnrisous W' 
possible before the development of the standards and methods 

TYifkfiQnromonf. nP +lm . i a 
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the ease of radium emanation, its eollcction and purification are 
prerequisites. A knowledge of the ionization in air and in other . 
gases and of the distribution of that ionization along the path 
of the radiant particles was also essential. The chief draw- 
back lay in the fact that the ionization was determined for gas- 
eous systems, whereas the chemical actions were first carried out 
quantitatively in liciuid systems, and a comparison appeared too 
indirect to have value. Furthermore, the gas reactions which 
were studied quantitatively were not carried out under condi- 
tions from which the ionization could be readily estimated. 

In 1907 Bragg ^ first calculated from data of Ramsay and 
Soddy “ that the number of molecules of water decomposed was 
almost exactly equal to the number of ions that would have been 
produced in air by the emanation employed. Apparently Bragg 
was not impressed by the equality he found and referred to it as 
a “curious parallelism in numbers.” Mrac. Curie ® stated in 1910 
with respect to the decomposition of water by a particles that, 
“the production of electrolytic, gas by radium in solution is of 
the same order of magnitude us that which one would obtain 
if the number of molecules of water decomposed by the a rays 
emitted, wero ctiual to the number of ions which these same 
rays would jwoduco in air.” 

In 1910 Lo Blanc cakulated from Bergwitz’s ““ data on the 
decomposition of water by polonium, that the saturation current 
in air measured by Bergwitz for the a radiation, corresponded 
very closely to the current tlnit would be required by Faraday’s 
law to decompose the same amount of water electrolytically as 
was decomposed by the a radiation of polonium. While Lc Blanc’s 
(‘alc.ulation Hufiers from the disadvantage of comparing air ioni- 
zation with water decomposition, yet the recognition of the ap- 
plicability of Faraday's law to this class of reactions, which Lc 
Blanc very aptly classifies under “electrolysis without elec- 
trodes,” is of great importance, and it is unfortunate that it 
was not given greater prominence than scant mention in his 
Elcktrochemio (5th Ed., p. 317). Later Lc Blanc* published 
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in full liis calculatioiiH from Borgwifz'.s dafii uii which his sLiiio- 
raent was foundetl , 

33. Production of Ozone by (« Particles. 

In 1911 the writer'' uiulerlodk in (he Insliltil liir Uailinm- 
forschungin Vionnu, hy nicii, curing (lie (iuan(i(.v uC nzune I’onucd 
by the action of a rays of radium eniamdion on gaseous oxygen, 
to compare the chemical nc(ion wi(li Hie iuni/.a(ion. Inslead of 
adopting the method of (huncron and Ramsay of mixing emana- 
tion directly with the gas, pnrilied emanalion was iidrodiieed iiilo 
an extremely thin-walled small glu.ss sphere ahoul 1 mm. in diam- 
eter. The wall thickness was of (he order ((.(Ula mm. which would 
be equivalent to about 1 cm. of air in (he alisorplion of u rays, 
leaving the a rays from lla ('< a free pa(h onlside tlie iadh of 
about 6 (ms. By jilaeing a hull) of (his kind a( (he eeiiier of 
a glass sphere of about 12 ems. dianieler Idled wi(h oxygen, (he 
free path of the a rays is fully ndlized widnaK their reaching 
the wall. The ozone formed was ahsorheil in mailral KI .solution 
and measured clumically. 

The coins truction of such (hin a ray liidhs ran not he under- 
taken by the ordinary glass-blower and will therefore he de- 
scribed in some detail. Tlu' lirst glass vessels (hin enough to 
transmit a rays were, used hy Rutherford and Uoyds" in (heir 
work on the nature of (he a iitirtiele. 'I'hey were thin-walled 
capillary tubes, hut since no delails of their const met ion were 
given, the method of making (he (hin htilhs was worketl lait. 
more or less independently by Duane and hind in the lahoratiaw 
of Mme. Curie. Thin-walled soft gln.ss tubing of K-IO mm. di- 
ameter is first drawn down in (he free blast Ihune to a diameter 
of about 1 mm. over a length of (i-K inche.s. One end i- then 
sealed and the other attiiched (o an ordinary fool-hellow-s or 
other source of pressure. FurthiT nianiputatioii is earried on in 
a simple furnace consisting of a six inch length of hanl gla.-s or 
quartz tubing of about % inch inlenud diaiiu'ter open at hutli 
ends. The middle portion of the tube furnace in la-ated ciiiaT 
with a blast lamp, or in the ease of quartz with a (lame contain- 
ing some oxygen, and shtmUl be provided with an ashe.Htos Imus- 

»S. C, Und, mm. Akttd. iriM. WIrit I fa, I2i). ITnl) (Itill. ; t/oH.ifsA :rj. 
20B. Amer. ahem. Joam., ^7, !Hl7-tiri (liUZi ; f.r ftaAium li. OO a i liHyi. 
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to retain tlic heat, Tlic glass tube to be worked is then 
inserted entirely through the furnace and held by the two project- 
ing ends. Tlic lower temperature of the furnace, as compared 
with a free flame, is oompensated by the higher pressure used in 
working the glass. Under a suitable pressure the soft tubing 
is further drawn out until it tapers to a very fine tip which is 
broken off at the thinnest point capable of being worked. The 
tip is sealed off without the collection of excess glass by just 
toiK'hing the edge of a very small flame. The tip is then intro- 
duced into the hottest zone of the furnace and while blowing 
strongly into the tube, the expansion of a small bulb on the end 
can be ()bser^^ed from tlie open end of the furnace. The bulb 
must be withdrawn just at the riglit moment to prevent its 
blowing out. With some prac.tice, bulbs with walls equivalent 
to 1 cm. of air for a ray absorption can be constructed which 
will witlistand atmospheric pressure in either direction. The 
bulb may then be sealed to any glass apparatus by means of' 
the original stem, whi(‘h should be provided with an in-sealed 
platinum wire to conduet away the unipolar charge if it is de- 
sired to oTudoso a largo (puintity of emanation entirely in glass 
over mercury. 

Tlie. emanation confined in such a bulb can be determined 
after four hours by its y radiation in the usual way.^ A radio- 
metric method was devised by Lind {loc, dt.) for determining 
the maximum range of tlic a particles from Ra C outside the bulb. 
It consists in placing the bulb at several known distances above 
a large ZnS screen in an absolutely dark room and measuring the 
diameters of the circles of light produced on the screen at differ- 
ent distances. In all eases tlic range sought is the distance from 
the bulb to the outer edge of the light circle, wliicli is the hypoth- 
enuso of a right triangle of which the vertical distance from 
the screen and the radius of the light circle arc the other two 

sides. From tlie relation: Range® ^ dist.®, the range 

can be calculated independently at several different distances, 
and should agree in all cases. The accompanying Table VI 
gives the results of a series of such measurements on a tube of 
about 0.005 mm. wall thickness. 

Ilutlaarford, “Itadloactlve Substances, ” Appendix A, p, GST (1913). Ma- 
Uowor and Geiger, “Practical Measurementa In Radioactivity,” p. 100 .(1912). 
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TABLE VI 


Radiometric Measurement of the Free Rarme of a Partielrs from 
Ra C Outside a Thin-nndled a Ran Ihdh 


Dist. from Screen 

Diameter 
of Light Circle 

Max. Hangc 

cms. 

cm.s. 

cm.s. 

5.8 

2.5 

5.0 

5.4 

5.0 

5.0 

5.0 

6.4 

5.0 

4.5 

7.3 

5.H 

4.1 

8.6 

5.0 

3.3 

10.0 

6.0 



Average 5.00 t 0.03 cm. 


Before undertaking moasurcuientH di'iieiuling on hucIi feeble 
luminosity the eye should be rewted for lliirly ininu(en in the 
dark. Readings should be made with a feeble ruby ligld.. The 
diameter of the light circle is most conveniently determined by 
using stool calipers with sharp points wlTn’li can bt‘ used to 
scratch the surface of the ZnS, producing a momentary spark 
which serves to locate the boundaricH of the liglit circle. 

The object of obtaining the air range of n rays o\itside the 
bulb is to enable the calculation of tho ionization produced in 
the oxygen. The quantities of emanation employed in the ozoni- 
zation, 25 to 60 millicurics, produce an ionization far too intense 
to be measured by the saturation current method (§ 15). Hy 
referring to tho range of o rays from emanation and Ua A 
(Table I) and to the ionization produced by them and hy Ua (1 
along their paths (Kg. 1), and correcting for the specific ioniza- 
tion of oxygen compared with nir (Table II), tlie total ionization 
can be calculated. One additional correction, liowever, is necc's- 
sary, since the a particles pass through tlie thin glass wall at 
all possible angles, one must correct for the ol)li(iuity of inci- 
dence. This was done by a graphical method. 

The total number of a particles emitted by a certain initial 
quantity of emanation throudi a viveti time intiirvul mnv Im 
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identical in principle. The average effective emanation E over 
a time interval t is; E = in wliich Et may be found at 


any time t by oonaulting the Kolowrat Table (Appendix, Table 
A), and X is the deeay constant for radium emanation equal to 
0.0075 hr"’- or 0.1800 day’. The averapse value E in terms of 
curies then nccid only be multiplied by the total number of sec- 
onds and by tlic number of a particles emitted per second, origi- 
nally moasureil as 3.4x10"* in terms of tbc Rutherford radium 
standard, which becomes in terms of the International standard 
3.57x10"’, or for all three acts, including emanation and Ra A 
and C 10.71x10"’ a i)articles per second. Hess and Lawson ® have 
recently determined a higher value 3.72x10'“, which has been 
adopted for all calc.ulations in the present work. 

The more dire(d method of calculating the total number 
emitted is to take into ac.count the quantity of emanation de- 
caying in the given time interval by refcrcnco to the Kolowrat 
tabic, and multiplying the quantity by the total number of par- 
ticles emitted by 1 curie of emanation in its complete disintegra- 
tion, 1.78x10"' for a single set of a particles, according to Hess 
and Lawson. I'or thrcai sets (emanation in equilibrium) : Total 
a = 5.34xl0'".E„(l-c->^‘). 

The jmrification of the emanation used was by a chemical 
method denadoped in the Ouri(i laboratory consisting in the re- 
moval of hydrogen and oxygc’u by moans of copper and copper 
oxide', heated ('xtcrnally in the glass tube leading from the radium 
solution to the small bulb. In the same way organic gases com- 
ing from stopcock grease wc're oxidized by passing over hot 
KjOrjOT (or Ix'ttc^r RbC;r.X),), the products of the two combus- 
tions being absorbed by Radu and fused KOH (or soda lime). 
Final purification was nuidc by freezing the emanation in a side 
tube immcrscul in licpiid air while pumping off the residual gases. 
The emanation is finally confined by mercury in the small a ray 
bulb so as just to fill it. l'’rom radiation considerations it is 
essential that the mercury shall stand at all times just at the 
neck of the thin bulb. In usina: the same apparatus for the 
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The quantities of (wono found in ilie dilTonud (‘xporiauaits 
were not concordant, lait it was very apparent that, the order 
of magnitude of the total nuinber of ions anti td' tr/.one nndeeuh's 
is the same. The expcTinaad. in whitdi tin* inaxiimim (juanlity of 
ozone was determined was on<‘ in whitdi the averagt* einanatitiii 
was 58.5 inilli-curies acting over 5,{)xU)‘ >ees. in whitdi lime 
8.4x10'*'^ apartiek's W(Te (anilhul prtHlucing 2J)\I0‘‘' pairs (d ions, 
and L4xl0’‘‘ molecules of It'^ing the nion* retaail tlala of 
Hess and Lawson for tlu' number of a p.nrlieh's einiilt'tl, the itmk 
zation becomes 2.8xl0‘'\ anti llu‘ ralio of the iniinhm’ of pairs of 
ions (N) to tlie numlK'r of ozont* moh‘eu!es tMi is t*\aetly 2.0, 
which would he retiuiretl uccortliiig (o Karailays law fur the hir- 
matiou of ozone elect roly (ically. Tin* ju>t ideal itm for giving 
most weight to tlie expiadmeni* in which (tu‘ luaxiumm tpmntity 
of ozone was found lies in I1h‘ fact lhal flu* havti* vahtes \vt*rc 
probably due to losses btdtnn' tdamucal nu*aMn*mneni , jierhaps 
through traces of imn’cury in (la* o/uniziug tdi.andtta*. 'Phis ex* 
periment in the ozonizalion of oxygt*n eon''iitutetl the llrst tliretd. 
comparison of ionization anti tdiemieal tdTecf wlnaN* both wen‘ 
referred to the same gastams sysleiu. A slrtjug t-oudrnial itm of 
the result is furnished by Ihc work of Kriigerd“ wlm fduilietl the 
formation of ozone by tdtadronic di*-tdiarge (beiianl rays) and 
obtained results similar to tho.*^t‘ for n rays, tlraw ing fla* comdu* 
sioH; however, tluit one pair of iotis is involvetl in th«‘ ftirnudion 
of each ozone mohaaile. 

The formation of ozotu’ ouhsittc a thin tt rav bulb eontainiug 
even a few millicuricH of emanation is I'ontiiunundy peret‘ptible 
by its odor. The snnu' is Irut* in llic immediate ladgldtorlntotl of 
a strong radium preparatiou tir any oflier MUirce of inieu^a* u ra* 
diation. From tlie resulfs rt*por(ed in the biregoing port’^ tif this 
paragraph, it appears fairly certain that ozoni/atiun by n radia* 
tion and by eloctronie dUiduargc* is an eleefrii'al proee'^s inti- 
mately connected with ionization of oxygen. Present data am 
hardly suflicient to estalilish tiie exact inetdiani^iu of the reataioiq 
although a iiumlier of atttanpts have been made in this direc- 
tion. It is not necessary (hat the electrical quaiPitii^s involved 
should be the same an in cdcctrolvsis, sima* the uiirk id J. J. 

Mmo la, iD-ia a inuu»; |.|» uinru 


lONIZAl’ION AND UADIOCUEMICAL EI’FEOTS 81 

Tliomson ” Iuih fibown tliat the varieties of gaseous oxygen ions 
is much grciiter than those known in solution. It would be some- 
what simpler to i>ropose a theory on the basis of one molecule 
of ozone per Oiich pair of ions, than for two pairs, and as Milli- 
kan, Gottschalk and Kc'lly have shown, the ionization of some 
(U)mmon gases, including oxygem, by a rays results in the removal 
of but one electron from a molecule. The writer^" proposed a 
very gcma’al theory based upon the formation of cluster ions 
around a charg(Hl atom or mohu'ule, which upon being electrically 
neutralized would break down to the liighest stable polymer, in 
the ease of oxygen, ozone. Keeent work of Imcb and of Wel- 
lisch lias east doubt upon the existence of such cluster ions.’’® 
Various possible truaOianisms for the formation of ozone have 
been formulated by Strong and by Rideal and Kunz.’® The 
present experimental evidence hardly appears suflicicntly exact 
to decide in favor of any particular theory. Wendt and Lan- 
daue.r'"' have discaissed fully the possibilities in connection with 
the formation of triatomie hydrogen. 

34. Other Gas Reactions. 

The api)ar(?ntly (dose relation between gaseous ionization and 
ozone formation rendered it very desirable to sec if a similar rela- 
tion ludds for otluT gas reactions prcKluccd by a radiation. The 
extensive data of OamtTon and Ramsay were available for the 
comparison ])rovid('d a method could be devised of calculating 
the effective ionization in the vessels u.sed. Since the volumes 
used wen’e very smidl t h(^ a particles in all cases completely trav- 
ersed the gas spac(‘, and in most eascis the paths would be lim- 
ited to the first one or two centimeters from the point of origin, 
in which the ionization remains constant along the path, which 
presented an additional simplification. The problem seemed to 

" J, J. TUomaon, "I{iiy» of I'aHltlvo KU'CtcIcUy’’ (1013). I‘Ml. Mqq. (6) 

21, 280 (toil). 

n. A. Millikan, V. U. aottBclmlk atul M. J. Kolly, P/tys. (2) 15, 

157 (1020). 

a Lind, vtweT. Chtm. Joum., 47, 414 (1012). 

B. Lat'b, Hm>, (2) H, (188 (1910). 

M. WclllHt'Vi, J. Franklin TnuL 184, 775 (1017). 

L. Wtmdt and It. H. Laiidauer, Jounu /Imer. (Ihcm. Boo> 4^, 044 

(102D). 



bo then to find a Holutitni fur flu* path i»rn{a‘r<lia|j; in 

straight lino from any point within a givni vnhiiuo nr any poi 
on the iiHUT Hurface in any dimoiinn nntil again rmannittTii 
the wall. For any volunu*^ i*\i‘rpi >plinrie'al tuirs tho mutli 
matioal problem is one of gn‘al tiillieulty a- \ul! In* M-tai in t 
following seel ion. 

36. Oalcnlation of the Average Path of n Particles, 

In 1912 the. solution ttf tliis problnu uav nudertakeu 
Limp® for the sphere. It was eh^taldi'-ltt'd tiiat tlie avti-age pr 
ia a constant frnetam of tin* radiin*' fi»r a ’pliere of any si 
The numerical value of (he fratlitm foitml by niJplying ( 
general formula, at first li» ten, and laft r to our hundred splu'i 
dividing the spherit'ul vtdtrnu* into ItKIrutml parP*. A. i \ bum 
hua pointed out Ihnt an error w.i^ luadt^ in n ing the plane 
Btcud of the solid angle (tli Kig, 5 . 'Vhv tApn - ion aeeording 



Limn for a sphere is the billowing. If p be the average p 
for all a particles originating at any point 1* \\ithin the .^pli 
and traveling to the wall in a straight luu* V\ at any stilnl ni 
d with the lino PCUl through the center of the ^pljere. where I 
any given distance from the center, and p i.^ the ratio 1^/r, 

p — 1/2 / [beoB’& r V I hyr^ sin ^ 0 j sin 9 d 9. 

k/ Q 

*«S. C. Llncl, Jmtm, Vhtm., in. f.a? cnugi. 

’^Prlvttto coiTuimiilcRtltm frtuu Crtif, A, (*, Litnn, 
tory, UnivGratty oil Chlcnga. 
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V = y^J [bx + r V (1 — bVr^') (1 — x“) ] dx. 


r 

Finally for given b: mean p = — 

2 


1 



For b = 1, p = Q.Gr. Lunn’s integral for the whole spherical 
volumes gives; p = 0.75r. Taking into account that in small 
spheres the induced activity is deposited on the wall and there- 
fore the a particles for Ra A and C originate from the wall, half 
of them being immediately lost in the wall, while the radium 
emanation is distributed as gas throughout the volume, the aver- 
age path of all three sots of a particles from emanation in equilib- 
rium will be: p = 1/3 (0.76 2 x 0.5) . r = 0.58SS r. 

For volumes other tlum spherical the problem becomes mathe- 
matically far more difficult. From the use of graphical methods 
the writer concluded that the average path in cylinders in which 
the length docs not exceed the diameter by more than a few fold 
of the diameter would bo approximately the same fraction of 
the radius of the sphere of equal volume as if the volume were 
spherical.'^ In all future work it will bo advisable to use 
spherical vessels in order to simplify the calculation of the ioni- 
zation. Some work has already been carried out in spheres by 
the writer which is reported in Chapters 8 and 9. The whole 
question of the calculation of ionization in vessels of different 
shapes and sizes is one worthy of further research. The work of 
Flamm and Mac.he on the quantitative measurement of emana- 
tion in plate condensers with guard-ring has a bearing upon the 
subject, but is not directly applicable to radiochemical experi- 
ments. The empirical formula of Duane and Labordo was 
given in § 29, but is not applicable to small volumes. 


36. Results of Various Investigations. 

By use of the method of calculating ionization by means 
of the average path of the a particles the experiments of Cam- 

wprof. lAinn Is oxteiullng his calculations to other geometrical forms than 
tUo spUoro and Is convinced that tUo average path la cylinders of length ten 
times the diameter will bo sufnclontly different from that in tho sphere of the 
same volume to be eaHlly ttjsted experlmontany. Prof. L. I>. llobcrts of the 


84 THK CIUailCAri iH' *t /./*// J /M/»*77r7J,’.s' Asn /7./;f'7*Vn,\%7 

eron and Raninay and of ollicrs lH‘coiut* avnilahlo for at leant 
an approximate (‘Oinparison of lla‘ eli7‘(rii‘al and (’lH'mi{‘al ef- 
fects. Other methods inon‘ or li‘ss indirt‘el have hfen di‘vis(‘d for 
attaininp;, the same end, Duane aiul Sehetier ’* tanployed large 
quantities of cmanalion in tliin-walled (‘apillaries. After meas- 
urement of the ehemieal t'lTeels I he tul)es \vi‘re ht‘l<l until the 
.emanation, had died to such a low value I hat saluratiuu eurrent 
measurements could lu* upplii'd (‘ven to I lie a radiation, (!or- 
rcction had to be made for tlie growth of pehuduni iluring this 
period and also for ilu^ ionization diu‘ to ptaiet rating ra<liation. 
Scheuer-’^ for large hulh.s usisl (he (‘mpirieal forin\da of Duane 
and Laborde-'^ and e(jrre(’t(st for the speeiiie icmizafion of the 
gases employed. WoiirtzeD*'* emphwed >(ill another nu'thod, 
extrapolating from small(‘r volumes up ((^ IIhim* at wliieli abstup- 
tion and ionization reach a maxinumi, in ordiU* to usi* (lu‘ value 
for total ionization of tlu‘ wli(»h‘ a partiele in the given gas, 

At the end of this paragraph will ht‘ fouiul d'aldi* VII, in 
which all the experimental data available fi>r the eoniparison of 
chemical effect and ionization have lu*en eolhaled, 'Plje appli- 
cation of the ^hiveragt*. patlP’ method to the n'-ulls of ( 'anuTon 
and Ramsay is not stimdly ueenratt* on aectmnt of (lit* departure 
of the volumes from tlu^ Hplu*rieat, hut it is tndiki’ly (hut the 
errors thus introdueed are so great- as (lu* muHalainty aifnehing 
to the quantities of radium emanafitin reported in the earlier 
experiments. Many of the experiments .‘-lunin.arized in tlii.s tahli*. 
will be given detailed eonsiderat iim iti stih.-t-queni paragraphs 
(sec accompanying crosH-reh’reiU’es), 'Phe data from work ()rior 
to 1911, although unreliahh‘ in some respects, have been inehidetl 
either for the sake of comparison with iIh^ later wtjrk, or be- 
cause they represent for Honu^ reaction.^ tin* only results avail- 
able. Repetition of the earlier work slunihl la* undertaken 
where it has not already ht‘en doiu». 

A general discussion of the vnlueH will he foinnl in 
§§ 48-60. 

s" Wm. iKmnr niid (>. Ki‘hiMii‘r, /,r inaliMm ta. n:i hi MUiai. 

Schpucf, Cotui). rpiui. irai, »e.48 0 (non, 

““Wm. i)uau(‘ rind A. hulmrUr, i,r tiutliuut T, I tiaiin. 

' “"M. B. WovU’i5sd, ihld, 11, 289 l)H; 8:12-17 nejln. 
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Statistical Co 7 n 2 )aris(m of Ionization and Chemical Action by a Particles 
N = Total Pairs of Ions. M = Total Number of Molecules. 


Reaction 


Data of 

Cham, j^ction 
Designation 
of M. 

M/N 

%■ JEneri 
Utilizet 

H^ + 0,= (211,0) 

(Moint) 

C. & R. 

^H,0 

0.65 to 0.81 

4.9 


(Dry) 

tt 

tt 

0.52 to 0.93 


{( 

(130" C.) 

tt 

tt 

1.59 


■ “ (Dry 

or inoiab) 


tt 

3.7 


il 

it 


(( 

4.0 

34.5 

H,S) = H, + (S) 


W.““ 

“n.s 

2.65 

6.7 

ICO, = 2C0 + 0, 


C.&U.“« 

••*00, 

0.38 

2.6 

K 


w.*'- 

Very Kmull emuntity of decomposition. 

iNII, = N, -h 3II, 


C. & R.*" 

^NII, 

0.25 


It 


u.« 

tt 

0.40 

: — 

It 


W.““ 

tt 

0.80 at 18° 
2.55 “ 315° 

1.-2 ' 

iHCl = H, + Cl, 


C. & R.“* 

^nci 

0.76 

. 1.8 

Sf, + 3H, = 2N1I, 


tt 

^(N, + H,) 

0.25 

0.6- 

tt 


U.»=' 

Very little ummonia formed' (cl)cm. anal 

(( 


W.“ 

(( tt 

tt tt 

tt tt 

I, + Br, = 2HHr 


L."* 

^IIBr 

0.54 

•p.-6:; 

10, = 20, 


L.»« 


0.50 

2.0 

•CO = CO, + (C) 


C. & R."" 

^co 

1.86 

3.9 



1.74 at 18° 

4.0 

^,0 = N, -1- 0 



Mno 

2.16 " -78° 


tr = (N + NO) 


2.32 “ 220° 

— 

1H,0 = 2H, + 0, 


C. & 

%I,0 

Very little action. 

it 


D.&R.»“ 

tt 

tt tt 

(t 

I, H- Cl, = (2H01) 


B.&T” 

^(H, + C1,) 

4000. 


tt 


J. & Rr 

tt 

100-1000 
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2H,0) = 2H, + 0, 

1 

D.*“ 

Mh,0 

(0.16) 

(1.0) 

(1 


G. <fe R.®* 

tt 

0.36 


It 


u.-*® 

tt 

0.41 

— 
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TABI.IO VII (Uotliiniril 


(Ihi'Di. Action 


Reaction 

Dnln 0} 

of iM 

M/N 

( 2 H 2 O) = 2 H 2 + Oa 

D.&S.-’" 


o.sr. Ill i.on 

2HBr = Ha + Bra 

L.=’* 

^fllHr 

2.(5 

KI (in acid soln.) = (I + K' ) 

it 

^’ki 

0.7(5 


% 


U 


Ice (2HjO) = 2 H 2 + 0, 

(KI) = K + 1 
(Pbl,) = Pb + 1, 
(PbCl^) = Pb + CI 2 
(PbBr,) =PbH-Brs, 


III. ,%liil Aijsli ins 


D.&S'"’ 

TJ' 


tl 


(( 


iM ji 0 (l.Oa 

v<’t> liffli* Minj-* .!f IMII m}» « n< >{ fni 

♦I t« •* 0 »• „ 

M *• *• ♦♦ II 

S'li t|« I tf iuij m}. • t tl. .t f>«i i*» lirlMf iiifj r.tN fi. 


»fTablo VII Is com'ctcd niid nxlrndfO from of rhtm. tn. p, 

®flA, a\ Cainoron and AVin. Jlnmsay, ,htuni. t^inrn. /.tonf la.., tnnis». Sn* || ^ 

5° 0. ScliPiKir, rnJd., .ir>U, •{ 211(1 5M-U. Sim* | Its. 

Wm. XMmnp. ami A, TiaUovtlo, he lUidium ?» IfSU tlSMH. Sn- | 2'». 

S. C. Llml, Joum, Awer. (*hnn. Kor. *11, foil UMHi. s»m* || 12. 1 ( 

MK, K. Wourizol, Lo Nadlum II, 2Ht) ; :i:i2 (llMiu. S. o I A’.i. 

L. Uslicr, Joum, Vhnn, Hui\ U7j (itUfu. Sim* | A I. 

S, C. lAml, Le Jiadhm H. 2SI) (llil t J. 

»®S. a Lind, Sitsih, AJatd. }rint> Iln, I2t>. ITtm ( lin U ; Imi r rhtm Jnurn , 47, I 
See also I 88. 

Wm. Biiatio ami 0, Rrhtmpr, Lo A'inllaav 10, IKI U012«. Sr»* | 

Bodftnstdu) and U. S, Taylor, Juurn, Imir. fVirm Soo a,', 21 t iotas ; as, asd 
, Bodcnatcln, Zeti^ p]lc1:irnehrm,2i, fill 01 (inUli. Ht*o ttl^o | a.a, 

»»,TorlBflon and lllngar, liar, nil, 2008 (titooi. t'omtmr** Mtiil, J I*hiM t'htm. til, Oj 
"“A. Dolilarna, Oomp. rend. MH, TtUl (lOrOM. 

L. Uslior, JahrV, cl, Jhtdfmikt, u. Nfrktn H. 828 (IMin. Hoo | 17, 

«S. C. Lind, iToum, PJips. Vhm, 10, OtiH (111123. 
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37. Eeactions in Liquid Systems — Results of Duane and 
Scheuer on the Decomposition of Water, Ice and 
Water Vapor. 

As may be seen from Tabic VII, the M/N ratio appears to 
be of the same order in the few liquid reactions that have been 
investigated as in the majority of gas reactions. From the chemi- 
cal point of view this may be regarded as a matter of some sur- 
prise, but so far as the ionization is concerned, it has been found 
that variation of pressure of a gas results only in shortening the 
range of the a particle without affecting the total ionization 
produced. There is no apparent reason why this should not 
continue to bo true on passing to very high pressures and over 
into the li(iuid state. The general assumption has therefore 
been made in the calculations involved in Table VII that the 
total ionization hy the complete absorption of a radiation is the 
same as would he inodiu^cd if the total absorption of the a par- 
ticle occurred in the same substance in the gaseous state. Owing 
to the laede of suitable experimental methods of determining the 
ionization produced in liquids by radiation, it ha.s not been pos- 
sible to put this (umclusion to the test, but if the generality of 
the equivalence between clicmical effects and ionization be con- 
ceded, then the evidence of Table VII for liquids constitutes a 
confirmation of the ionization relations assumed, at least within 
very approximate limits. 

The work of Duane and Scheuer (loc. cit.) carried out in the 
laboratory of Mmc. Curie on the decomposition of water in its 
three states of aggregation is ono of the moat careful and com- 
plete researchea in the field of radiochemistry. The experi- 
mental method for the liquid and solid states consisted in col- 
lecting purified emanation in a thin capillary glass tube (§ 33) 
in which it was allowed to act upon a layer of water or ice 
sufficient to absorb the a radiation completely. The quantity 
of hydrogen and oxygen liberated was measured in a eudiometer 
tubo and tho excess of hydrogen was determined after sparking 
the mixture. By comparing the rate of reaction with the decay 
curve for emanation it was found that the two coincide perfectly 
if the volume of gas liberated is corrected for the oxygen retained 
as IlaOg, which was measured chemically and found to corre- 


>88 the ctmftcAi. im’Krrs »/■’ m-I'iia i' u,-Tiri.!:s t v/, uriu-vinm 

■ water is decomposed in a primary iv.-ielimi and lliat 11,0, j 
formed by the secondary aelion of iia-ei-iii ..sywn on water. , 
very intcreslinK conlinnation of tltis vi.-w wa- ol.laiued in Ui 
examination ofUie !;ases liluTaled l.y llu- aetion of a rays on ic 
at —183" ti., which were round to eond.-l wholly of eleetrolyti 
gas, indic.atiiiK that ice at ild.-^ temperature i.- not .acted on b 
■nascent oxygen let form Il.t >•■. 

The comparison of the electrical .ami l•llemieal elTeets wi 
made by allowin);!: tbe emanation to decay to a value where tl 
saturation current nietluMl could he applu d diivcily. 'Phe oriR 
nal quantity of emanation was calculated Horn the decay lav 
The number of molecules formed from water i- l.Oii linn 
'the total number of pturs of ions ibat wotdd be fornietl in n 
in the total absorption of ilie u radi.aiion. Hr evpi'e—ed a litl 
differently, the a niys capable of iivodinany. an mni/,ation cu: 
rent of one ampere in tiir will ileeompo-t- water ^ivitiK (l.lfit 
cm.“H 2 and 0.071)7 cin.-'O,, v.-dtie- t.f the -aim- order as O.li 
cra.^Hj and 0.01)15 cm.'‘()., which would !«■ liberated per ainpcn 
second in electrolysis. In 'I'ldih' \'ll the .M/X v.ahie eah'ulati 
from the results of Dntuii’ uml Sehi-ner i- tor loiiir.atton in 11, 
instead of in air, takinn the vidue for the total .-pe<-ilie imiiiti 
•tion of HjO as UM tliat of air. 

The action of a rays on ire ami on w;ifiT vapor n* mui’h Ic; 
cflioicnt than on litpiid water, not imue than o', as nuieh n 
action beinn; found in In tin- e.'e'f of wati r vapor tl 

emanation was mixed directly with the vapor :it fhri’e atmo 
phcrca pressure at 170" the exei-M of Uvalroi'eti auiounlt 
•to about 60%. Duane ami Si-ln-m r evpi <•'■•< the opinion tinil. tl 
■low clFicicncy of the aelion of n r;ty.s on wiiler vapor is due 
•fecomhination of the product s. 

t. In Tabic VIII will he ftmial the n-siiltH of Kvp) HI fro 
•D’uftnc and Scheucr (foe. nV.i, Two additional eidunms luo 
been added to show the course of the reai iion l oinpari-d wr 
tlio decay of cmimutioii. It will he iioin-i-ii that ila- read it 
runs slightly behind the tleeay of emaimtioii. but if eorreetii 
be made for the deficiency of oxygi-u nceordiug to the cxcc 
of hydrogen, the agreement is within n few tmitle^ per 
■nearly all cases. The nmst probable vidue tor tbe ileroiuf)! 
•sition of water bvr omiinatitin is HSMt i-m of fli-i-trolviir uas ti 


lONrAATION AND ItADlOGIIEMTCAL EFFECTS 


89 


TABLE VIII 

'Decomposition of Water by Emanation according to Dicane and 

Scheuer 

Initial Emanation 191.5 milli-curies. 


Days, 

Ilrs. 

II,-i-O.Jnc.c. 

% Excess IJ 2 
by Vol. 

% Reaction 
Completed 

% 

Emanation 

Decayed 

0 

10 

0.1730 


10.1 

11.3 

1 

10 

0.4061 

16.1 

23.9 

25.9 

3 

16 

0.7903 

8.55 

46.2 

48.4 

4 

16 

0.9314 

• • t » 

64.4 

66.8 

5 

16 

1.0574 

. • > • 

61.8 

63.9 

6 

10 

1.1601 

6.90 

67.2 

69.9 

7 

10 

1.2372 

* • . . 

72.3 

74.8 

8 

10 

1.3149 

• • • • 

76.9 

79.0 

10 

16 

1.4385 

4.96 

84.0 

85.3 

17 

16 

1.6224 


94.9 

95.8 

22 

20 

1.6690 

2.77 

97.5 

97.9 

32 

16 

1.7071 

1.74 

99.7 

99.7 

48 

20 

1.7099 

0.48 

100.0 

100.0 


It may be pointed out that the use of thin-walled « ray 
bulbs exeludos the participation of recoil atoms in the reaction, 
since they do not penetrate the wall. (See § 64.) 

Duane and Selieucr saw in the equivalence between the ioni- 
zation produced by a particles and tbe decomposition of water 
“a coincidence having a profound significance in the theory of 
electrolysis and the dccomi) 08 ition of matter by the a rays of 
radium.” 


38, Experimenta of Soheuer on the Formation of Water hy a 
Radiation. 

Tho very careful work in the Curie Laboratory on the 
chemical effects of radium radiation was extended by Scheuer^^ 
to the formation of water from its elements. In order to utilize 
tho o rays as fully as possible Scheuer employed rather large 
dasB snhorcs in which emanation was mixed with electrolytic 



the lapse of several days lo a iiioiilli Ihc tpianlily <if rcactioi 
was determined hy analyzinK (lui khscs. In all cascH S<>lieuei 
reported the formation of Home. nj)„, whieh in niu' cuhi' repre- 
sented IQfo of the eomlhned hydrogen, 'hwo exiierhueuls wen 
made using ra ray Imlhs at the center of llu- gaseous mixlnre. 
The ionization was ealeulated hy means of the Duaiu' ami La- 
horde formula (see § 29), hut since this is direel ly npplieahli 
only to air, some eorreelion for speeilie ionization of elect rolylii 
gas must have been made. 'I'he M/N' v.'dues for fimr <lilTeren: 
experiments arc very eoneonlant helween ."i.lD and ft.lil will 
an average of 5.51, where M refer-s to tin- total nundier o 
2 H 2 + O 2 molee.ules eomhining, which is eiiuivah-n! to ;{,7 mole- 
cules of water formed (disregarding .and Ire.'tfing the entire 
reaction as water formation). 'I'liis value, though mui’h highei 
than the older one.s of ('-ameron and Hanis.ay (rs-e 'rahh- VII) 
agrees fairly well with the more recent one of I.iml i/oe. rit,] 
3.9 (or 4.0 using Lumi’.s value of .average path ami Hi-.ss am 
Lawson’s value for numl)er of « purlielos and making a slightl.\ 
different assumption us to the position of Uii .-S. in (he reuetioi 
bulb). 

In the two experimenis where! Seliem-r useal n reiy Imlbs at 
the center of his mixture', he Klill e'mployeal the fonnula. tif 1 )nau( 
and Laborelc to e-aleulute iemizaiiem, altheiiigli it is inapplicahle 
as he realized. By eemlining eill the- eamin.alietn eit a point sourea 
in the center, the full raelhis eif the sphe-re is utilized, itisfiaiei ei 
the average path, which is e'e[Ual (l.nH;).'! x nniitis i.m-<- § 3.5!. 

multiplying Se.hcuer’s value-s for (H.OH ami K.KHj hy 

this value, one obtains 4.7 euiel 5.1 in heir itgrei-nienl with hi: 
other values roportcel ideeive'. Se'lie-iieT eil.-o e-arrii-d emf one e'x- 
perimentwith oxyge-n mixeal with eamuiiition latt foiiml veay little 
ozone under his cximrimental eatmlifions. For further eonsidi'ra- 
tion of Scheucr's results in uneelheT eeitme'cfion sea- $ .13. 

Scheuer” also iuvestigaUal tlu' nalnefieai ai ft) hy H., h 
the presence of radium ematmlion, which naietion h:iii ediaaidj 
been studied under somewlnit eliffe'ia'iil. e’emdition.s hy Slokhtsa 
Sober and Zdobnicky,'*'' whe) feumel feirmahU-hyde' to he erne ee, 

“O. Sclictu'i-, aomp. rend. I.'.s, iss? ei (leit li. 

«.T. Stoklami, J, St'liiir nnit V. Ztliiliiili-i,y, ibui., l.'.i). isn; a tliO.at 


IONIZATION AND liADIOCIIBMICAL EFNECTS 


91 


tliG prcxluc.ts 1)1 I'ciu'.tion. This wiis confirmed by Schcuer, who 
reported, however, that the final product is mainly CH^. 

EquiUbrium bcUoccm Hydrogen and Oxygen mixed with 
Emamtum. Although this subject was not treated by Scheuer, 
it is very appropriate to consider it in connection with his re- 
sults on! the fonnation of water and those of Duane and Scheuer 
{loC: cit) on its decomposition. Since Duane and Scheuer 
showed that the decom])osition of water vapor is very slight, we 
should cxi)(!(d) that the homogeiM'ous gaseous equilibrium would 
lie (piitc far on the side of combination. No direct experiments 
have been made on the subjt'ct. In the c.a.sc of tlic heterogeneous 
equilibrium between hydrogen and oxygen and such small quan- 
tities of wat('r as could result from the combination of electro- 
lytic gas in small volume at pre.ssures not exccs.sivc, the solu- 
bility of emanation in the water phase may be neglected, and 
we should exixic.t t'(iuilibrium near 68% of combination (on the 
basis of M/N for formation 4, and for decomposition M/N = 
1), provided that the condensed water is so distributed that it is 
expo.scd to the total radiation (eciual distribution over the entire 
Burfacic), and taking the average path as 0.68 x radius. It has 
been shown by Ijind,''"’ however, that the combination proceeds 
under the experimental conditioiiH ju.st mentioned to within 
nearly 1% of complete combination. This was attributed to 
local condensation of the water so that it receives only a small 
part of the. radiation it would receive if evenly condensed over 
the entire surface. 'The heterogencoua ('(luilibrium in the pres- 
ence of larg(T (luantil.ics of water would depend upon a great 
number of factors which make it dilficult to calculate. The case 
has not been experimentally investigated. The case of the gen- 
eration of high j)resHurc. in a scaled radium salt (§ 21), owing to 
the de(a)mposition of residual water of crj'stallization, is interest- 
ing, because theoretically the etiuilibrium rcciuircs low instead of 
high pressure. It has been suggested by Lind {loc. cit.) that 
the gas is hydrogt'n alone, and that all the oxygen combines with 
the radium (or barium) sidt. 

H. 0, Mnd, TraiiH. A»iu*r. Klfctrorlicm. Hor., 214 (1018), 
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39. Experiments of Wourtzel on the Decomposition of Qases 

The radioehcmical iTWiirclu's of (!ii‘ Curie I.aliitnilury wer 
continued by Wourtzel •*" whose exiterimenlul nielluid eunsislei 
in mixing purified enmnnlioii with ihe gas to be ilecoinpesed ii 
spherical glass bnlloous of aluuil. -I nu. diaiiu'ler, eueloseil eve 
mercury but scpnrnted froiii il by a long capillary eunneeiion. 'Pin 
quantity of emanation eniployetl was miai'^nred by Ihe y ru,' 
method. The, ionization was ealcnlaled for coinideie absurplioi 
by an empirical formula K K '/-. il < '/Hpi, in wliieh K is (In 
quantity of reaction imnluced by 1 curie of emauatimv a! nin 
pressure p, Koo is Ibc aiiiounl of read ion at iuliuile imwiin 
where the ionization aiul cluanical action re.ai'b a uiaxiuiuiu owini 
to eomiilete absorption of (he u radiation. U the ratlins aial ( 
a constant. The specilie ionization for each ga-' was c.alculatet 
from the results of Hragg,*' Klceuiaii and Taylor,*' The atnotin 
of chemical action was detenuineil by freezing (he utaleconiposet 
gas and emanation in liquid air ami inea-uriug (he lieeoiupo.sitioi 
products inanometrically, aiul in siane ca-es al'-o cbeiuically. 

The decomposition of n..S, Nil,, ,\'.ti, and t'l). was stiulicil 
The results are summarized in 'Pahle IX, 

Tho effect of teniperalnre on llie re.aetion't itii erveil b^ 
Wourtzel is of great intere.st. 'Phe negative eoellieient for Ih^S 
the positive one for Nil.,, (he inininniin for ,\ t ) at IH liave a; 
yet remained unexplained. Witli respect to the M/N values re 
ported by Wourtzel at tianpcraturcs other than ordinary. N re 
fers to ionization at ordinary temperature, since no d.ala wen 
available, at other temperalures. 'I'he failure of it rays to de 
compose COa is further considered in § fiO. 

More recently Wourtztd has ehilairated .a iheory of chenii 
cal action by collision with (lie it particle, as distmgui'.hed frun 
the ionization theory fsee §§ 4H-ri()i. He employ- Id- data oi 
tho decomposition of HaS, NTI,. NjO, and (lio-e of Scheiier (/o< 
cit.) for the combination of eledrolytie gas to eompare with tie 
calculated number of cneoimters per second per eurie of emana 

‘“M. I'L WourtJiol, Af* Hadtum, It. ; ru'rj lUT Jnutn. ifua^ 

Plm. (Iham, Koo. IVon. 47, 2t0. 4tKt r» i UnSi. i umif. 

*’’W. n. Brngj?, PhlJ, Mny, (tt) tfi. ruia (lUnTi, 

It. 1). KlpCllinn. Pt'ftf* ttnu *7n •Ml, I 
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TABLE IX 

Dccompodiion of (hm-x by Eniamition at Different Tempera- 
Um'.a According to Wourtzcl 


Gas 

Temp. 

Jk'coniposedhy 
1 ( i’urv. Km. 

c. c. 

M/N 

% Energy 
Utilized 

ILS 

18" 

1011 

2.65 

6.7 


95" 

902 

2.17 



220" 

707 

1.85 



- - 190" 

t^olidlLS: Dec 

omposition of same order 



us gas at 18". 



NIL, 

18" 

282 

0.80 

1.2 


108" 

550 

1.58 

• • • 


220" 

824 

2.33 

* • * 


315" 

900 

2.55 


N,0 

„ .. 78« 

823 

2.10 



18" 

737 

1.74 

(4.6) 


220" 

884 

2.32 

... 

00, 

18" 

Very little, decoi 

tnposition obi 

served , 


tion. Thti iiKrt'ciiK'nt. witli tlio moaBuromonts of chemioal action 
iH HiitiHfuctory, (‘Hiiccially at higher tcmpcraturca. Wourtzcl 
RUggCHtH that at the lower leinpcraturca, where the number of’ 
cneount(*rB exeeeclH the number of moleculeR reacting, some of 

tlic eneoimterB are not effective. In the eiiac of NjO, where at 

all ternperaturt^B the (luantity of chemical action exceeds the 
number of cncounterB, Wourtzcl aBSumoB aecondary action. This 
is the Bam(' aaBumption an proposed to explain excessive reaction 
by ionization, and it hardly appears pcMsiblo with present data 

to decide between the. two theories on statistical grounds. It 

also appears qucHtionablc if Wourtzcl’s assumption in calculat- 
ing the number of encounters made by a particles that the di- 
mensions of the particle are identical with those of the helium 
atom can bo justified. 



Cliapier B. 

Kinetics of the Olu'mical Reaciioiis Produced by 
Eadiuin Kananaiiou. 

40. Classification of the Eeaotions. 

In dealing with the kinaticH nf aiii'miful react urns pnnUiced 
by radium emanation, two general fai’tiir.H must- be eimsidenal: 
(1) change in the agent producing the reaetimi, namely, the ra- 
dium emanation; (2) change in tlie av.-ilem being acted mi. The 
decay of emanation han been generally reengnized ns mie of tin 
controlling factors of tho rate of reaeliun and has been taken 
into account by all authorities since ('ameron and Uamsay first 
called attention to it. Besides tht‘ decay of emanation aiiothei 
factor controlling its effectiveness in prodneiiig eliemieal react im 
is its distribution in the .system being acted on. In a gasemu 
system, emanation is distributeil as a gas ainl its elTeet iveness ih 
liiriitcd only by tho effective paths of the a particles in the guf 
phase, which subjeed has been treated in § ilo. In a litpiid sys- 
tem complete absorption of the a radiation oeeurs, provided th( 
emanation is entirely confined within the litpiid. If n gas pliast 
exists, tho distribution of the emaiiafimi betwi-eii the (wo pliasei 
must be known as well us all (lie other factors iiivolvi-d in tie- 
termining tho proportion of radiation from (he gas phase (Ine 
will be effective on tho liquid. In general, the reaction in (he gai 
phase itself will bo negligible compared with that in the lupiiil 
In a liquid system the conditions of absorption of the rairiatim 
remain unchanged at maximum, unlc.ss a gas phase stunild la 
produced by tho reaction. The ineonvenienees atleinling such i 
possibility can bo avoided by the use of the n ray eapillai'j 
as was done by Duane and Hclieuer {§ 37). 

In gaseous reactions a number of cases are to be considered 
The simplest case is that of an elementary ga.s actial on in sucl 
a way that its volume and concentration remain eonstunt whil 
the product of reaction is continually removed from I lit* field o 

04 
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notion. If its o.oinicntriition (pressure) diminishes or increases 
at constant voknnc^, then this change must be taken account 
of in regard to its infhume.ci xipon the effectiveness of a ray absorp- 
tion. Su(di a case would l)c represented by the ozonization of 
oxygen mixed with emanation at constant volume, where the 
ozone formed was being continuously absorbed by mercury. In a 
vih'turc. of f/«NCR, a siniphi case is presented by electrolytic hydro- 
gen and oxygen; the. product water is condensed and nothing 
changers in the gas phase exc-.ept the i)ressurc. More complicated 
cases arise! wlicji the produc'ts of reaction remain in the gas phase, 
as in NI L, decomposition. Not only docs the question of reverse 
reaction ihen present itself, but also that of an indirect effect 
of the prudiKits in r(!nd(!ritig the radiation effective for the pri- 
mary reaction. I’lirthennore, in the case of mixtures one may 
iiKiuiro whether only one. component is activated or more, and 
what the e(Te(!t of a foreign gas will bo in the mixture. These 
and other similar (luestions arc natural ones from the kinetic 
Htandi)oint. But before (hiy can bo attacked it is necessary to 
develop a general kitietic eciuation for the influence of emanation 
on gas systems ns a function of the pressure, which is in turn 
itself a function of Uuj rate of reaction, dependent upon the 
(luantity of emanatioiq its rate of decay, the size of the vessel 
and other factors. 

41. Development of General Kinetic Equation for the Action 
of Emanation When Mixed with Gases in Small Vol- 
umes. 

The following etpintions were developed by land’- from the 
standpoint of ionization, but the final general form, equation 
(3), is cciually valid for the influence of emanation without any 
reference to iouizution. 

If N bo tlm number of pairs of ions formed in a time in- 
terval t, 

tlN/dt - 3 X 3.72.10>".Ei.2.4.W.p.i.P/760. (1) 

in which 3 x 3.72.10'* is the number of a particles emitted per sec- 
ond by 1 curio of emanation in equilibrium with Ra A and C, 
Et is the emanation in curies at any time, 2.4.10* is the number 
of pairs of ions fonned per cm. by each a particle along the 
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first two or three cms. of the path in air at atmospheric pres- 
sure, p is the average path in cms. as dolined in § IJf), i is the 
specific ionization for any gas compared with that of air un- 
der the same conditions, 1V700 is the i)r(‘Ssuro reduced to stand- 
ard conditions. Equation (1) may be. condensed to (ho form: 
dN/dt = kEt.P = kEoC-’^hP, in which k is the. ionization constant 
including all the constant terms of (1). 

The relation between chemical action and ionization may bo 
expressed as: 

— dC/dt ™ const. dN/dt, 

in which dO is the change in concentration of t.lu; substance 
undergoing reaction. 

In the case where the rate of cliemicul action is measured 
manomctrically by the decrease, in pressure:, 

— dP/dt=- (i(lN/dt, (2) 

where P = Po — pN, if P = r« for N i ; 0. ( !mubining etpiations 
(1) and (2) : 

— 1/i.i.dP/dt = kE„c-^‘ P, and dl’/P ■ J • k|iE.,c -''(It . .. 0 

logP/P„~kn/X.E„(c^'.~-l) (3) 

P = P„c('‘MA\)i't,(« ^ 1) (4) 

Substituting to introduce N; 

N= (l/[i)Po — ‘M (fi) 

■ For reactions being measured manometricnlly by the pressure, 
change, equation (S) can be conveniently empioyeil ns !i kinetic 
equation in the form: 

kp/X = velocity ('onst. " ■ 

42. Application of Kinetic Equation to Experimental ReaultB. 

The kinetic equation developed in § 41 will be strictly ni)pli- 
cablo only in cases where all the constants included under k actu- 
ally remain constant during tlie course of the expcTiment, Tliis 
will be true for the specific ionization only when the products 
of reaction are removed from tlio field of action. As alrejidy 
pointed out this condition is satisfied by the ehadnilylic mixture 
of hydrogen and oxygen at ordinary temperature through the 



oondoiisation of wiiti'r. For thin reason the kinetic equation 
was aivplied by innd {loc. cit.) to the results of Cameron and 
Ramsay for this rciacdion, as shown in Table X. It was also ap- 
plicMl to some of tlie ollun- reactions studied by them and by 
Usher. In l.he (hu'omposition of (X) and of NIL, the partial pres- 
sures of the (K) and Nil,, are used instead of the total pressures, 
inc.ludiiiK tlu' ([('composition products. The satisfactory constant 
in the easci of tX) iiidicntcis the, c.orrectness of such a procedure, 
and the nb.sc'ncc. of any induence of the (X),, formed upon the rate 
of reaction, confirms Wourtzel’s (§ 39) result that COg is little 
acted on l)y c'lnanat.ion. On the other hand the results for the de- 
composition of NH;, ar('. in accord with the eciuation only for the 
lirst part of the reiut ion; during the latter part, wlicrc the prod- 
ucts have, iiccumulatc'd. Hue apparent rate falls off owing to some 

TABIdO X 


A'ppliculion of Kqiiniwii (3) § 41 (a {hr, HrmltN of Cameron and 
hUtvimii (t)i(l of UtihcT 


21L l -O., 

■ (211.4)) (inoLst). 

2tX) 

::-.(X),-|- (0). 

Vol 

. . - 2.1 «(){•. 


Vol. (calcd.) = 2.507 c. c. 

10, , . 

0.04 Of) curie. 

Fjo : 

== 0.025 (!uric. 

t ( dayo) 

P (mm.) 

A'.pA 

t ( day ft) 

PofCa 

(mm.) 

A’H/X 

0.0 

523 .f) 


0.0 

297.0 


1.02 

4H7.0 

(9.3) 

0.81 

282.0 

17.2 

2.07 

442.0 

(11.7) 

1.89 

203.0 

17.9 

3.07 

405.0 

12.9 

2.8 

251.0 

17.8 

4.13 

3H4.5 

12.7 

3.8 

245.0 

16.1 

4.99 

309.5 

12.8 

4.8 

233.0 

17.3 

0.11 

352.2 

12.8 

5.8 

225.0 

17.5 

7.07 j 

343.5 

12.0 

0.8 

221.6 

17.0 

9.11 

321.4 

13.0 

10.1 

218.0 

15.2 

10.10 

319.3 

12.7 

14.8 

200.2 

16.0 

11.04 

310.0 

12.5 

19.9 

208.4 

(14.9) 

12.10 

312.3 

12.5 

23.8 

201.4 

15.1 

97.0 

291.0 

12.0 

20.8 

200.2 

16.2 


Mean .... 

.. 12.71 


Mean .... 

. . 16.5 
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TABLK X—{C(mtinue(l) 


2NH, = N, + 3H, (Usher). 

: ^ (2N1I, ? ), 

Vol 

= 2.406 c. c. 

Vnl. ; • 2.30 c. c. 

E„ = 

= 0.145 curie. 


0.1 195 curie. 

t ( days) 

(c*C.) 

/qiA 

t (tlnys) 

r (lolal) 

A'H/X 

0.0 

0.909 

... 

0.0 

T-ifi.lj 

.... 

0.07 

0.895 

8.3 

0.79 

720.8 

12.15) 

0.76 

0.781 

8.2 

1.76 

7M,l 

tl.34) 

1.08 

0.735 

8.3 

2.77 

707.n 

11.13) 

1.75 

0.604 

8.0 

3.77 

701.6 

1.04 

2.08 

0.630 

8.1 

•1.85 

651-1.3 

1.03 

2.78 

0.581 

7.9 

5.77 

6110,1 

1.01 

3.75 

0.527 

7.7 



0,98 

4.75 

0.493 

7.4 

7.7n 

683.1 

0.98 

6.75 

0,441 

7.1 

9.70 

677.1 

0,97 

7.75 

0.431 

6.8 ! 

II n.o 

675.0 

0.97 

8.76 

0.421 

6.7 1 

12.H 

672.4 

0.96 

13.77 

0.399 

6.2 

1-1.8 

i 671,9 

0.98 

32.0 

0.385 

5.9 

ii 17.9 

1 669.1 

0.94 

! • 


Mean .... 



1 

i Me.'in ... . 

|. 0.99 


(“) I'ho uso or vol, iJiHtoml of pK*. hi liHi l« ri*tHUl> 


kind of reverse aetion, nuch uh hcch uihIit flic rfaclitui; N’j | lUI-j. 
Usher found little or no NII„ fonued, Imt tin- maunmi’lrii’ effect 
would be in the same direction an that of a rev»T?ir action, even 
if it is only a mechanical h)HH of 11^. 

A complete kinetic «tudy of the reaction 21 1 j i was more, 
recently undertaken by Lind (lor. rit.) with tin' following ob- 
jects: to study the applicability of cHpiation ill) t»ver witter va- 
riations of pressure, to enable (he exact evaliialion of M/N, to 
determine the influence of the size of (lie njiherical vesnel, and to 
establish the effect of vuryinK the proporlionw uf hydrogen and 
oxygen. 

The apparatus used by Lind was a himplilied form of that 
of Cameron and Ramsay and is shown in Fig. (h 'I'he enmnation 
was measured by the y ray method after introduction into the 
emanation chamber. By cominirison of the cohmmH for per 


•r><r»0‘.QTHi>cocDcoi> 

: XH CO xH »0 Xtj lo l> t> xH 

•cococococococococdco 


Y-HrHCTJOQOkOCDCMCOtO 
p I'- X|H CN XlH p T-H lo (N CSI 
O(^^l>^>r^l>C<iO0^OO 

rH tH CN CO CO xH lO Cn 


a a 

<ii rt 5 

i 


cocot>oocoi>oieop 

p CO t-H xH tH xH rH xH p P 

O »d O O CO CO CD Q 

t-HCMCOxiHi.OliOC£5l>000 


t’^pi'^CDOpOrHxlHpCO 

(X) CD 00 ltd i> cd CO c 4 CO 

lOrHQt^CD^COrHOOCOCO 
lO itO io Xi^ Xt< x^< xH CO CO CO 


COQQw;>QOI>C<II>»0 0 
r-JkOiLOO^JOCOaSrHC^p 

^odt-4od<NC5dr4oQ6ooc^ 

r-i rH tH CM tH rH (Nl 


OOr-<r-<(M<MCOCOUOI><M 


pq 


• OOOOQOtHC<:JCOC<»COOIjO 




O CO CO CO tH 


»H Q xH rH rH P I 
<M CO CO xH ^ CO I 


CDrH0dcQP'^*t::^xH;^’QCO 

irHrHxtipPpt>Cl0O>O5 


PppppC^C<|p»>pxtj 

pt^QOQOPprHrHCJS^Q 

M^p^THp-^rHCOxiHCO 

XrwCOCxCNjitHrHrH 


OxHoodc^di>odoco 


OOO»-tTHCMlMC0x*<P00 


Mean.. .23.04 1 ! Mean. .. 3.52 
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will be seen that the former rims far alu'nil of the hit.tiT, espe- 
cially in the 2 cm. sphere where the naluclum in pressure is 
greater. This shows that the. ngreenu'ut found liy ( laineron and 
Ramsay (§ 30) is the special ease in which tin? relal ive pressure 
change is slight. In cases of large variation (he pressure must 
be taken into account us lias hei'ii done in ('([iialion (3). (lom- 
plete justification of the I rtad ineiit is seen in I he agri'i'incut of 
the kp/1 values over the. whole range of Ihe react ion. 



Fill. n. 


43. Influence of the Size of the Reaction VeBZol, Law of the 
Inverse Square of the Diameter of the Sphere. 

By determining tlic velocity con.stant of Ihe iideraefion of 
electrolytic hydrogen and oxygen in several dilTerenl spherical 
vessels of diameters from 1 to fit/a cms.. kind (/or. riV.) estnh- 
lishcd a general relation, iijijilicahle up to a certain size. From 
the standpoint of the average path of the it particli-s in limited 
spherical volumes (§ 36), the nature of (he relation can he pre- 
dicted. Increase of diameter of the sphere lengthens tin* average 
path by the same ratio and therefore increases (he tpiantity of 
chemical action in direct proportion to (he increase of the diani- 
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ctcr. Tho prcRRiirc cffccit, however, of a given amount of chemi- 
cal action will be invcrsoly proportional to the volume and, 
therefore, to tlic cube of tho diameter. Combination of these 
two oppoHitely dircc.ted influences predicts that the pressure 
change will bo inveraoly proportional to the square of the diam- 
eter of the spherical reaction vessel, and therefore velocity con- 
stants expressed in terms of pressure (as in Equation (3) ) will 
diminish as the scpuirc of the diameter of the spherical reaction 
vessel increases. By comparing the velocity constants kp/X for 
tho 2 cm. and cm. Hphe.ros in Table XI, it will be seen that 
a largo dce.roaHe in tho curo of the latter was observed. In the 
following Table XII arc summarized tho results of Lind for 
Rphoros of Rovoral diflcrcmt diameters obtained by tho same 
method. 


TABLE XII 


Effect on the Velaeily Constant of the Reaction 2H2-|-02 = 
( 2 II 2 O) of Vari/iiid the Dimneter of the Reaction Sphere 


Approx. 
Dkim. of 
Sphcre(cms.) 

True ])um. 
I) (nils.) 

Vol. of 

rmJ j 

/epA 

(found) 

fcp/X X 

1 

0.1)(')‘17 

0.4701 

(89.6) ^ 

83.4 

2 

1.5)25 

3.738 

23.04 

86.3 

3 

2.1)24 

13.272 

9.92 

84.8 

4 

3.S)()3 

32.58 

5.30 

83.2 

5 

4.Hf)3 

01.32 

3.52 

84.3 

6'/n 

5.013 

02.00 

2.08 

84.1 




Mean 

84.1 


“ Kxti'npolHtcd vhUkl rimpti-r 11 uit nm»il Atoma. 


The rcHultH of 'I'ablc XII appear to cstahliRh the nature of 
the law governing the influence of tho size of the containing 
sphere on the veloeily of the interaction of electrolytic gas as 
brought about by radium emanation intennixed with it. The 
fact that it is in agreement with the predictions of the principle 
of average palli of the <x particles supports tho validity of the 
prineiijlc and its application in calculating ionization. On pass- 
ing to volume's other than spherical, it has not been possible, as 
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stated in § 35, to give u mutlu'iiiiiticiil trciilmcul, of tlu> iivcriigc 
path. One experiment was iiiiule willi a <',vlin<lt'r l.K ein. in di- 
ameter and 4 cms. long of volume (i.787 e. c., etpial lo I he vuhnne 
of a sphere 2.375 ems. in diamelcr. It'^ing 0.012 1!) (■.urie of 
emanation, a value of IqiA was ohlaineil ef M.H. wliieh multi- 
plied by (2.375)“ gives 83.1, a value agreeing wilhin (lie limits 
of experimental error with ihost* ol (he sjihen's in 'ruble IMIl. 
Results for more elongated (\vlinders are In be desired. 'I'he. use. 
of sueh a small (iuanl.i(.y of emanation gav.e a pressure reihielion 
of only 578.1 to 480.5 mm. in 30 days, t'nmiiarison of (he rate 
of reaction and the rate of deeay of emanation shnwial agree- 
ment within about 1%, thus eontirining (he experimental realiza- 
tion of Cameron and Ramsay's speeial ease (§ 30 1. 

It may he of interest lo inquire how gre.at (he diameter of (he 
reaction .sphere may become before (he validity of (he relation 
kp/X =84.1/1)“ is impaired, hlvidently it holds for the larg(‘st 
bulbs used in Table XII l5t{; ems. diani.l, Hy applying Mqua- 
tion (3) to the results of Seheuer for (la- same react ion l§ 381 a 
single value of kp/X may bi‘ found for still larger sjiheres, In 
his experiment with a s])h(‘n' of 7.18 ems. diauu'li-r (he priwure 
diminished from 1580 mm. to 1'I33.8 mm. in 20 days with 0.0013 
curio of emanation, which gives a v.aliie of kp/X of l.iiol, 'J’he 
value calculated amirding to kp/X H-I.l/D’ is I.(i33, showing 
that for a' .si)here of 7 em.s. containing 2 atmospheres of elec- 
trolytic gas, the amount of reaction found is only 2'r'' below (he 
theoretical value for the completely utilized average path. On 
going up to Seheuer’s sphere of 8.1II ems. diameter and a gas 
pressure of 1080 mm., kp/X (exptl.i is only ll,!ts7 ag.ainst 1,()5-1 
(theory). And in a spheri' of (i ems. diameter at the high pres- 
sure 11,446 mm., kp/X (exptl.) is only 0.3278 against 2.278 (the- 
ory). The difference is dtie to (he mtmber of u partieh-s which 
cun not complete their paths at (his pre.-Mire before being com- 
pletely absorbed. The limit of (he applicability of (he formula 
for avcrtige path tiftptairs to he about 7 ems. for a pressure of 
1580 mm. of 2If2 -[- O^, which wotthl correspond to a diameter of 
10 cm.s. at 1 atmosphere, enrre.spomling to an average path in 
air of about 3,5 ems. Onti should expect that the gem-r.'d l.aw of 
chemical action proportionid to ionization hy u partiele.s wtaihl 
hold only over the first two or three eins, of p.'ilh, where imiiza- 
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tion rcuiiiiiiH (Hmstaiit. TIum would doubtless be true for a single 
type of a i)urti(do, for exiunple, from lln C alone, but comparison 
with Jiragg’s ionisation curve's (annbiiusl for all the a particles * 
shows that ionisation pe'r longlli of path tor emanation in equilib- 
rium would remain almost constant up to about 4 ems. from the 
source in air. 

d’hc infcraclion of hydrogen and oxygen mixed with radium 
emaua,tion can come to an end through the approximate ex- 
haustion either of Ihe emanation or of (he gaseous mixture being 
ae.ted on; Ihe lalter takes place, in small bulbs with high emana- 
tion, tlu! fornu'r in largt^ bulbs. '’I'he. uel.uid pressure (P) at any 
time t (or afler decay of all emanation) may be calculated for 
any given ease' from tlu! ecpiation: 

(log lyP..) /(10.,(e.-x^ — 1) ) ~84.1/iy'* 

(Contrary to (la* opinion ('xpressed by some authorities, the 
ratio (d' (pianlily of emanalion (o (luantity of reacting gas is not 
important from Ihe kiiu'lie standpoint. Tlie ratio of emanation 
to react ing gases may rise continuously, as is the. case in small 
volumes where Ihe gases ri'act at a faster ]K;recntago rate than 
lh(i emanation decays, may pai^s through a maximum as in 3 cm. 
spheres wilh alaait 100 millieuries of emanation, or may fall 
continmnisly, as in larger spheres, vvitlumt affecting the velocity 
constant. 'I'his shows lhat, while tlie ratio of emanation to gas 
influences greally Ihe aelual velocity of reaction, it docs not 
change the value of Iqi/X, thus proving that the general kinetic 
etpiation proposetl holds, regardless of the relative, concentra- 
tions, except as provided for in tlie equation. 

It may also be menlioned (hat the kinetic ecpiation will hold 
in volumes even grcalcr than lliose at wliich the average path 
formnla no longer applies, but with very large volumes the pres- 
sure changes produi'cd liy atininahle ciuantitics of emanation 
would hecome too small for accurate measurement. There is 
also no reason lo suppose lhat the same formula: velocity con- 







44. Use of Kinetic Results to Evaluate M/N. 

The study of the reaction bctw('en liydroKcii and oxygen pro- 
vides through the general formula for .'<phen>.s (preceding §) 
and the value of the, averiige palli tif (he n parliele in .'^phere.s, a 
method of evaluating M/N which lam greal. vali<lily, since it de- 
pends not on any one experimeiil, hul. on (lie resiills of a whole 
concordant series for which a general law lias lu'en denionsl rated. 
It has just been shown that kp/X Hl.l/I)'-'. 'riierefore for a 
sphere with 1) = 1, kp/^ : S'l.l , and il^ is only necessary lo evalu- 
ate k and solve for p. X is the decay eoiistani for radium emana- 
tion =2.085x10" sec..’. p is an ellicieney faefor for (he chemical 
effect of ions and may he expressed as p i M/N ) . ( 7t!()/V.2.75 x 
10'"). K = ionization cocHicienI imtnher of it parlicles per 
second for 1 curie of emanidion in eipiilihrinm wilh Ua .‘\ and (] 
(3x3.72x10'“) X mimher of ions per a parliele per f cm. of 
path (2.4x10’') X spccillc ioni/.alion of (he gas inix(ure (for 
2IIH-10.) 1/1^ (2x().2-l I I.Oth 0.52:11 x average pu(h for 
sphere of 1 cm. diam. {0.2907 cm. I x l/7(i() ((o refer (o 1 mm. 
of pressure). Therefore, k 4.1() x tO'M 7(10. 

Substituting in kp/A, : 8-1.1 and .‘Solving for M/.N': 

M/N = 6.0, or M,. ,./N 2/:i M/X >,.<>. (See .also end 

ofthlsf.) 

That w, for each pair of iaitx protlnmi In/ i niaiiatinn in tho 
gascom mivturc, 2112-1 (),,, aliaitl ) innlu-iih.'i nf wntrr nra 
formed. This is calcuhded on (he basis (hal all the redmdion in 
pressure represents the formal ion of water. If It/V. is formed 
it must have but temporary existence, .►-inee in one experiment 
of Lind® an intitial pressure of 982.9 innt. of electrolytic gas was 
reduced in 12 days by 0.181)8 curie of eimmation at .a volume of 
3.375 c. c. to only 11.5 mm. 'I’he M/N value is in fair 
agreement with that of Scheuer .’1.7 (.also sei- Kirk by, p. 125), but 
much higher than the older vsihtes of (’ann-rou ami Uainsay which 
were less than 1.0. 'I'lu' kinelic eviiletiee of jj: -12 and *!.'l indi- 
cates that Cameron and Ramsay's low results are to be idtrihnfcd 
to an incorrect report of the (plant it ies of eiitaiiafion used in 
their experiments, which were not the re-tdt of direct, measure- 
ment in loco hut of a calculation from the amount of radium in 

"H. C. Lind, TrniiH, Amt*r. t:UrhoHitm. Kf,r* ni. tJH 
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the original solution. If the ovolution or collection from the 
solution was iiu'dic.ic'iit, tlu' (juantitic^s of emanation reaching the 
reaction chainl)er may \v(‘ll hav(', Ixa-n several fold lower than 
estimated. For exampk', tlic', vahui of k(i/X found in § 42 for 
■ one of Camcu’on and llainsay’s ('xperiinents was 12.71, but, from 
the general fonnula for a V(‘ssel of that volume, should have 
been 

In (aihailating the Al/N vahu^ for the formation of water by 
the average path nu^tliod, one assumption was made which re- 
quires some discussion, avcTage paih was caleulated as- 

suming that all a par(.icl(‘s of H,a A and 0 originate on the wall 
of the containing sph('r(‘, which involvt^s the assumption that 
Ra A after Inking gc’ueraled from t'lnanation in the gas phase has 
time to dilTus(‘ lo (Iu‘ wall before* emitling its a radiation. No 
data liaving a V(‘ry direct b(‘aring on this sul)j(*ct n])pear to exist, 
A, Debi(‘rn(‘ “ has math* llu* most comi)It*(t‘. examination of the 
rate of diffusion of acfivt* dt'iiosit by usit^g parallel plates at 
different distances a])arl. expostal (o (‘inanation. ITis results 
show that (h(‘ praclical limils of diffusion art* mut‘h smaller than 
the llu'ortdieal cahnila(t‘d from tdoiuit* weights, and indicate a 
parti(‘le ,M() limes as laaivy as (la* atom of the d(‘cay products. 
Some dire(‘t (‘xperimenis wi‘re und(*r(akc‘n by Lind {lor, cit.) by 
allowing tlu*. (ananathm to n*a(*li e(iuilil)rium in cle<*.trulytic gas 
in ghiHs Hplu‘rt*s of (ht* sana* si/.es as those used for the velocity 
of coml)ination. By suddiady driving the gases iK'fore mercury 
into a new V(‘sseb fhe initial y ratliation in the latter wonld dis- 
close th(» (luaniity (d Un (' transferred and (‘onsetiuenlly the pro- 
portion left, on tin* wall of tin* react ion t*hamh(*r. In a sphere of 
2 em. diameter filled wilh (‘h^etrolytit* gas at almosplierie pres- 
sure the pereeniage* of Ha (’ (raiisferred was or 93.3% was 

dep(mit(‘(l on the original wall. Kreau a G em. spliere 11.6% 
puH.sed into (la* mnv ve.s'^el; or HH/1' nanuined on the wall of the 
original. This n^suK, not to he expet’ttal from l)i*bierne’s data, 
is probably due to heat turn vect ion. At any rate it is evident 
that under the expt'rinuaital c’onditions a large part of the Ra C 
rcaehes the* wall of even a 6 em. sphere. This would not be 
necessarily true* ftir Ua A in the* .^ame sphere.^ owing to its much 
shorter life, but tlu'. velocity constants in Table XII do not in- 
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dicatc any difloronc.c bctwoi'ii lur^c' and small sidicros for cffc 
tivcncss of the emanation (plus ilecay iiroilucts). Wliatcv 
assumption is made, thort'foro, as io position of (U'oay produc 
for one size must be made for all. 'I'ln; one nuuk; was tli 
both Ra A and C eompkdely dilTuse. in the wall bidore deeayin 
If one assumes instead that Uu A remains largely in (lu! gas pha 
while Ra C diffuses to the wall, Hu; valu(> of the. average pa 
is changed from 0.5833 to O.Otiti? times the radius, and the M/ 
value would be lowertal to 8/>0. l''r(nn considerations to 1 
pointed out in § 48 a valiu; slightly hw than 4 has greater pro 
ability than one above 4. 'Phis discussion is deferred t.o § - 
where all the evidence for and against an ionic theory of the 
ray effeeta is summarized. 


Oliaptcvr 9. 


Additional Rolaiioiisliips of tlio Radiooluvinioal 

lOmu'ts. 

46. Influence of Varying the Proportions of Hydrogen and 
Oxygen. 

In studying 11i(' iiilcnud.ion tif Iiydrogen und oxygen under 
the iidluenee of riidiuin ('innniition inixi't! witli the gases, the ef- 
fect of varying t!u^ relative i)roi)orlionH of the two components 
was investigate<l hy Lind.' 'I'lie t'ffc’et of an excess of either gas 
on the rate of reaction cun ht* predietc'd on the assumption that 
the change in rate will he in proportion to the ability of the mix- 
ture to absorb the energy of the a i)arti(d(', which is in proportion 
to the ionization. 'I’lie speeith; (inolecnlar) ionization compared 
with air is according to Bragg (§ Kl) 1.09 for oxygen and 0.24 
for hydrogen. ( '.oimecpu'nt.ly an initial excess of oxygen should 
increase tlu! react ion velocity redativt; to that of the normal elec- 
trolytic. mixture, while excess of hydrogen should produce the 
opposite elTe<-t. 'I'lie velocity constant calculated from the gen- 
eral kinetic. e(|Uali<m shouhl be initially higher than the normal 
value in tlu; case of excess of oxygen, and should continue to 
rise as the mixture! becomes relatively richer in oxygen with the 
progress of the, reaction. \Mth initial excess of hydrogen ex- 
actly the opposite sluaihl be tnu*; tlie velocity constant should 
bo initially ahnornially low and show a further fall as the mix- 
ture onriehoH relatively in hydrogen. 

Both eases were experimentally investigated and the predic- 
tions just rnaile weri! hnmd tn be fully eonfinned, as will bo soon 
from Table XHI. Hiiiee the speeifie ionization now becomes va- 
riable, the general kinetit! e(iualion is not strictly applicable. 
The development of a ru'W etpjation taking into account the 
changing speeifie ionization or “stopping power" is so compli- 
cated that the simpler proeetlurc has been adopted of using the 
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equation to allow that ilia cliaiiKi' in ils vc'loaily aonstaiit is prc 
portional to the chaiiKa, in spafilia iuuizaiinn. Since ilu; volocit 
constant (Iqi/X) now bacumas a vaciabla, i( ahmild bt'. calculate 
over short intervals to avoid uiultu' niaskin)>; of i(s variabilit; 
To accoinpliah this tlia value of kp/X is calculaieil, not from tl 
beginning through tlio enlin' (iine inierva! in each case, In 
from each mcasurainant to (he next, a procedure tiuile conmionl 
employed in a.licinical kineiics." 

The equation may bo wridan in (his form: 

j.;. leM.; ,..vo} 

Table XllI gives Hit' data for the initial mixture 411^ t 
10^. In column 6 tlio application of etpuilion (lij sliows tin 
(kp/^)' is not constniit but falls approximately ns rtniuired b 
the change in specilic ioniKulion icompare column ti). Column 
is calculated from the. normal vaha* I,lq0t Hl.I/l)y| :!().(' 
for a sphere of the. size uwd, and frotu the change in specif 
ionization calculated by applying the simph‘ law (d mixtures ( 
the values for pure hydrogen ami oxygen. 

A consideration of the results sliowu in 'I'alile XIII will thro' 
light upon an important (piestion, namely, whether it is only or 
component of the reaction, or both, wliich are activated by (1 
a radiation; or, in terms of ionization, are both the hydrogen an 
oxygen ions capable of taking part in the clieinical n-action pn 
ducccl at ordinary temperature? Since the rate of reuetio 
appears to bo proportional to the s])eeilie ionization of lb 
mixture, this (piestion is already aiiswereii in favor of tlie suppe 
sitiontliat both ions are active. Itnt a .’"till mure delinile answ( 
is obtained by calculating Ikp/}.!' for partial pres.-nres of tli 
components. In the last cohmin of 'rahle XIII are values t 
(kp/X)' calculated from tlie partial priKsim of oxygen, and it i 
seen that the values rise, whereas the reaeiion is really slowin 
up from the rate shown hy a normal mixture, wliieh must 1; 
interpreted as meaning that tlu* partial pres.sure of oxyge 
alone docs not control the rate of reaeiion. 'I'he efileulation froi 
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TABLE XLII 


Effect of the Excci<s of II. on the Velocity Constant of the 
ardon 2U.^\AKz,^ (21 LO) 

Iiiiti, Mixfc, <in.: 10 m. Vol. : : 1L()4 c.. c, Duun. =: 2.812 cm. 
Eo: : 0.1 109 curio. 


Days 

Urn. 

Total. l>r. 
Dim. lly. 

Parlinl 
Pr. ()., 

ai'A/ 

(jowul) 

(kwir 

( ralcil.) 

(h^Ar 

for Far. 
Pr. 0, 

0 

0.0 

()K2.H 

130.0 




0 

10.25 

005.0 

IIO.O 

7.02 

7.93 

13.20 

1 

3.25 

580.3 

102.4 

7.30 

7.50 

13.50 

1 

23.00 

528.2 

85.0 

7.17 

7.38 

14.20 

2 

23.07 

■18().() 

00.2 

0.80 

7.17 

14.90 

4 

10.33 

•125.2 

50.7 

0.42 

0.89 

10.30 

0 

3.75 

307.0 

•11.0 

0.24 

0.02 

18.61 

7 

10.07 

375.8 

31.2 

5.74 

0.40 

19.50 

8 

23.75 

303.0 

30.2 

5.80 

0.30 

22.71 

11 

10.33 

3'I0.7 

21.5 

5.24 

0.10 

22.75 

13 

22.33 

338.-1 

21.8 

5.50 

5.07 

27.91 

15 

22.50 

332.0 

10.0 

5.05 

5.00 

30.24 


ficionfcly from lIuU. by lh(‘ (utnl pnwuros to nmko n docuHion, but 
may bi^ undiuhiktai for luixluro.s willi initial oxcohh oI oxygen. 

In Tables XIV will bt‘ foinal dulu for niixturoH with oxccsh of 
oxygon. 

In Tublt‘ XIV t]jo comparison with tiu'. thoorotioal valucB 
calculaiod from iunixatiou is not made, since the change in spe- 
cific ionization is not m groat as in the caso with the mixture 
4Ita:l Og (4'ublo XIII) » but it can bo soon that the couHtantH 
show a iondtaicy tti rise in all cases and begin al)nonnally high 
when compared with tlu‘ normal value for electrolytic mixture, 
as recpiired by theory. 

From the data for the 2 I and 4 to 1 mixtureB in Table 
XIV it will bi‘ observtal that when ilie hytlrogen is oxliuustcd, 
the pressure reduet ion d(U‘s not stop ent irely, Imt the velocity of 
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Oil by a rnys, which is more fully discusscHl in the following 
section, 

46 . Action of a Eays on Pure Oxygen or Pure Hydrogen. 

The Ihnhs of changiiiji; ilu* proixirl.ions of hydrogen and 
oxyg('n, discussi'd in Ihe Ton'going stu'fion, arc* i)urc oxygen or 
pure hydrog('n. Ai’curding (o lln* resuUs of Lind (§ 33), under 
(liflVrentr ('xperinu'ul al eontlii ions, ozoiu‘ is fornuMl by the action 
of a rays on pure oxygen. In tin*, prestaice of nu'rcnry a sec- 
ondary naicraai willi (lie o/.one fornu‘d inigld. he expected, which 
is clearly indicab’tl by Ma‘ resulls near ihe end of ihe reactions 
in 'ral)l(' XIV. Seheiier [lar, c/7.) fonnd thai emanation mixed 
with oxygiMi h‘d (o very liillt* pressnri' nuhietiiin, hut it was not 
fit-ated wla‘lhc*r (he reaeiion took place in the pri'scnce of mer- 
cury. Dircud. (‘xperinaails by Lind with (ht^ same form of appa- 
ratus as used for <*le(d roly tie gast‘s (Fig. (I, p. 100) showed tluit 
a d(‘cided diininnlion in pn*ssure does 1ak(* place, hub that the 
vcloeity of n'aeliim is de])enden(. upon Ilu‘ extent of the siirfaco 
of nuTiairy that is exposetl. When tlu* surfaett is only that 
exi)osed hy ila* mereury ordinarily in the stian of the reaction 
hull), tli(‘ reaction is relatively slow; hut, if the mercury is 
allowcii jo rise in the hull) mul spn‘ad out, the rate of reaction 
increast's many fold, 'rids probably means that primary ojioni- 
zalion lake.s place in .all case.s, hut that dt*-oi'a)niyaition also takes 
plac(‘ unlt‘.ss the opportunity for ready etunhinntiou with mercury 
is i)rt‘st‘n!ed. 'Phe surf.ncc* of tlu‘ mercury becomes black, loses 
its coIhtc’Uccs clings tla* glass and is finally covered with a 
hlaek powthax probably meretirons oxi<U% 'Fhe reiietition of this 
experinaaif maler more dtdiidti^ (’onditions offiTS the j)()ssihility 
of an indeptaidc’id met Inal c»f luiaisuring iVAmo hjrnmtion by a 
rays. 

In the ease of ptire lydrogtai mixed with emanation a similar 
but Hiimller dimimUitm in pn^ssun* was ol)served by Lind (loc. 
cit.)i aeeompnnied by a darkening of tin* mereury and a loss of 
its eoluTenee, though no powtlcr betaunc* visible on the surface aa 
in the case with oxygen. 'Pht* tiiminution of pressure ceased after 
a time and canild not he mmle tt) prf)ceetl further by increasing 
the mtTeury surfnea*. 'Pn explain nshicdion of pressure in hydro- 
gen exposed to a radiation, several possibilities present them- 
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selves. Usher ^ found in tryinp; to (‘lui.so hydrogen un<l nitrogen 
to unite under tlic action of emanation that tlu; reduction in 
pressure was mainly due to .some, other a(d.ion of the. (t j)articlcs, 
presumably a purely physical one. On tlie other liand Duane 
and Wendt'* have discovered the. existene(( of an ae.tivc 
modification of hydrogen jirodma'd l)y radium emanation, which 
reacts chemically with sulfur at ordinary iomper.aturc! to form 
HaS which can be detected by passing over iiaper impregnated 
with a solution of lead aeetali'. liangmuir'* has reported 
the discovery of a very ac-tive alomic form of hyilrogen, and 
recently Wendt and LandaiU'r" have deseril)ed the activa- 
tion of hydrogen by a rays and liy the corona discharge, and 
present evidence of its triatomic nalure. 'I'lnmgli not so active 
as monatomic hydrogen, the trintomi(' form 1ms been shown by 
Wendt and Landauer to react at ordinary temperaiurc with 
sulfur, arsenic, phosphorus, mercury, nitrogen, and both maitral 
and acid KMnO,,. It is unstalile and revt'rts to tlui ordinary 
form in about one minute. It can be distinguished from tlic 
monatomic form by the ease with which it. passes tlirmigh glass 
wool. 


47. Comparison of the Chemical Effects of « and of Pene- 
trating Rays. 

Since the chemical reactions produced by tt rays have heen 
shown to bo at least approximately proportional let the, ietniiia- 
tion in most cases, it is logical to iiKpure whether tins same is 
true for the chemical elTects of the penetrating rays. At any 
rate the question should be carefully invest igaleil t‘xp(‘rimentally. 
There is quite a divergence, of opinion on the subject. Hesides 
the experimental dinicultics, which are seritats, some of the early 
attempts to explain fi ray effects were dire<de<l t(»ward a consid- 
eration of the primary charge earrieil by the (! particles them- 
selves, which are of course very insignificant in comparison with 
the large number of electrons liberated and positive ions produced 
by the passage of fl particles through matter. 

It. tJslior, Joum, Chmn^. Koct, Lond., OTj, aHU (1UHM, 

*Wm. Duano and 0. I., Wendt, (2) la, Hfl J2H (tiHT). 

»I. LiingimUr, Journ. Am^r, Chan, Nf/r% IH, 1 210 25; an, I Ton liUHi ; 27, 
417 ( 1015 ). 
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Th(^ rlu'inic'ul ('flVcis uf \\ untl y rays nro, so inhmtc for nearly 
all gdfi rcdctians (hat a diroi'i, coinparisoti of ionization and 
clicniioal a<'iion has not biH*n ])ossil)lo in a strictly (luantitativc 
sense. Of eonrs(s by incroasini*; ilu' absolute (iiiantity of the 
radioaelivt' soiina' tliis diiriciiKy could in part be obviated, 
although ibis is hardly pcjssibh' for y radialaon, tlu^ relative ioni- 
zation prodiK'od by which is of (h(‘ order of 1/10000 of that of 
the (‘om'spondinji; a radial icui. But a still more serious dilliculty 
is encounlerc'd in (h(‘ hjw a])S(jrpli{)n coi‘Hh‘i(‘iits of (1, and par- 
ticularly of Y rays, wlfudi precdudes llu‘ possibility of anything 
ui)proaeliing eoinpIi‘lt‘ ulilizalion of (h(‘ radiation in a gaseous 
system of riaistjuabh^ dinuaisions. ld)r (his riaisou ilie investiga- 
tion of thi‘ eluanitaal elTeels of pemdraling rays has been mainly 
conliiual (o li(|tiid systems 281, and then und(‘r sueli (‘onditions 
that a very small proportion of the y radiation is absorbed. 

Tlu^ most earebd laauparisou (d (t and (by niy elTeets has 
been madi* by Usher.^ Tsing (aunnution in a glass cui)illary 
tube of 0.17 mm, thielua^ss, 0.208 (an.’’ of ideetrolytie gas was 
produeed by the net ion (d‘ l!u‘ juaun rating radiation from 0,067 
mm,^* (»f eummition in cmc imuitli while tlu' eomhiiual n{*.tion of 
the a and ptaiet rating rariiati(jn from 0.025 mm.’‘ of emanation 
till eoniplidely disintegrutetl gave a total of 5,810 em.*'’ of electro- 
lytic gas (including 11, fnan ,v«tini* 11/). formation). Reduced 
lo the same quantities of tauanathiu, tlu‘ joint effeet of tlio rays 
is setai to be al)t>ul 75 times as gnad as that of the ptaietruting 
rays alone, tlu' id’feet td* the Intiia* is alnnh. of the eoin- 
l)ined (‘fleet. 1‘his is alauH what uiu' should expect from the 
relnliv(‘ imii*/,ati<uis or kinetic taaa-gies. dins appears to bo 
strong evid(aiet‘ in faviu* of the same relationship lu'twecai ioni- 
zaiinit nml eluauieal action a^^ that wliich has hccat shown to 
exist for a rays. 

It slandil be naaif it»ne*l. however, that a different interpre- 
tation was pul upon his results by Tsher fn»m that just proposed. 
By taking inlo aernunt all the soft jl rays which were not able 
to peuetrutt* llu* thin gla^'^ wall, and by as.suming that each one 
of them wtndtl luivc hud the saiia* pmvtT of decomposing water 
m those hml whieh di*! penetrate the walk Tsher estiinuted that, 
where emanatitm is disstd\'*‘<l directly in water, and hence all 
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recoil ntoins which will In*, (rcjitcd in C'lniptcr XI. A f*;oiicrul 
suinnuiry of th(‘ rc'snKs is no(. wilhoiii. intc'ri'si,, nllhouf»;h it nniy 
bo iini){)ssibl{*. i o rvnvli a iimil (‘onclusion nccc’pl.ablo to ull uiithor- 
itioH, from Iht' ihiia ui- i)rcsi‘nt iivailn))U\ 

It bus 1 hh7i shown that in iu‘:irly all |ju‘ roacd.ioiis broupjht 
about by a rsiys thai. have h(*on inn‘sli^al('d ilaax^ is an approxi- 
mate statistical a^rcemcaii. bclAV(’cn (he. muuher of ions ji;euerakul 
niul thc^ munhtn* of molecules aclecl on. This npp(‘ars to be true 
to tlui same degret* of approximation both in gas(‘ous and lujuid 
HysU'ms, 11ie results have been broU|i:ht ioji;ellHT for com])ari- 
Hon in Tabh‘ Vll, § IU>, It. will be si‘i*n that (hi‘ M/N ralT/ varies 
in (lilTia’i'iit naicliiins from alnup. 0.5 (o about ‘I. I), An afi;reement 
within (lu‘S(‘ limits for siuh a varit^ty of reactions proceeding 
both with and opposed iu (he cluiuicsal fre(‘ {‘lUTgy in botli licpiid 
and gast'ous Hys(<‘ms, when tlu* disagreement, might have been 
many million fohl in either dirt'clioti, appt'urs to have funda- 
mental Higniliea!H’i‘ and. to warrant tin' applicathm of a motlified 
form of Faradays Law to thi'se ri'actions,^* 

B(‘si(l('H the direct- (*vidence from u particles, it was shown in 
§ 45 that, wluii the proportions of hydrogiai and oxygiui are 
varied, llu* iH*action to form water clianges its rntt^ in a ratio 
that ran be pretlicled from the change in sptu’ilic ioiuzatitm of 
the mixitin\ Fas'^ing til her forms of ratlinnt eiun'gy whieh 
prodnee ioni'/ation a<*rompnnie«l by claanieal art ion, it was shown 
in § 47 ilmi. tin* same e<|uivalenet‘ hohts in tlu‘ detaatiposition of 
water liy jl rndiuliom ht § (he res\dls td Krueger for the 
o^a/niicatitm of oxygmi by laaiard rays (high veloeity elia’trons) 
were eiletl lo show that (lie same relation exists; fmully, in 
('hapt(‘r XI it will be shown that (he recoil fdoms from a radi- 
ation cause the cumhination of and in tlu* samt* propor- 
tion t{) llu* ioni/.ation ns fotmd f(?r a particles. Such evidence 
huH h(H‘n sulliciiiit to (’onvima* many authorifii’s that ionis^ntion 
in directly invtdved in fht^ produefiofj of chemical reaction. On 
the other hmut the rcMdts of Schema’ on the hirmation of water 
(§ 3B) and tlmsi‘ of Woiirl/c4 0 31M on (lie dectanposition of n;^S 
and of NJh winch sluav M/X vahies exceeding unity by two to 
four ftdd, have convinced I )ebieriu% Scheuer, and Wourtssel that 


* H. (*, \m*T. 111, ITT Si ( UU 1 1 ; JtiurM. 
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the ions arc not the intennediale prodin-ls causing llio ehcini- 
cal action. Dcbicrne has proposed a tlieory of thermal decom- 
position along the path of the (t ray Imt exi ending outside the 
limits of ionization and thend’ore statist ieally e.xeeeding the ioni- 
zation. Wourtzel {be. eil.) linds in IIk? negative temperature 
coefficients, which he obtained for tlu^ decomposition of II^S 
and of N/), grounds for rejecting I la; lliermal tlieory of I)(>biorne 
and has substituted a tlic'ory of collision. 

As already stated, the writer is of the opinion that the statis- 
tical agreement between ionization and chemical action, although 
inexact, points strongly to the intermediation of ions in bringing 
about the chemical reactions. M'lie departures from the direct 
requirements of electrical ami chemical eiplivalciice are not too 
great to be brouglit into accord by making possible assumptions 
in regard to the meclianisms of reaction, wliich as.sumptiuus are 
quite within reason, alMiougl) it is impo.'isible witli |>re.sent data 
cither to prove or disprove them absolutely. At any rale the 
departures of M/N from unity are (pule small when compared 
with tho real exceptions to 1 h' taken up in the following section. 
It might also be mentioned tliat whether ionization Is primarily 
involved in the chemical reactions brought about by radiation, 
or whether it is a secondary accompaniment, it is .at flic present 
time tho most eonvenieut index of reference and can readily be 
made a means of comparing chemical action with any factors 
involved in tho absorption of the energy of radiation. 

Before going on to a eonsideralion of the large exeeptions 
from tlic general rule of (apiivalenee of ionizalion to eliemieal 
action, tlio case of the eomliinnlion of fleet roly tic hydrogen and 
oxygen under the iultuenee of « rays will he used as an example 
to illustrate the possibility of proposing a mechanism of reaction 
that will explain the vahie Mjj (,/N 4, wilhoiit viola! ing tho 

general principle of cipiivaleiiee. 

Millikan, Gottselmlk and Kelly (lae. eit,\ lmv(> shown that 
the ionization of a munher of ordinary gases hy a parlhdes con- 
sists exclusively in the removal of a single electron from each 
molecule affeett!(l, thus leaving an ('(pnil ntimher of singly posi- 
tively charged gaseous ions, wliieh in the ease under eonsideration 
would bo Hj*' or Oi. Of course thcrt( will be a certain tend- 
ency for immediate recombination of tlu* electrons with the 

Deblcrno, Ann. da r’hyilgue (0) 2, 07 J27 



mgly great; and on account oi the large excess of electrically 
neutral 0^ molecules in the gaseous mixture, there will 

be ample opportunity for the free electrons to attach themselves 
to these molecules, forming negative ions or 0^. The chemi- 
cal activity of ions may be admitted on general grounds, and 
it is therefore fair to assume that all four kinds of ions can form 
ILOo by combining with the hydrogen or oxygen present. If it 
is then assumod that each molecule of HoOo retains its positive 
or negative charge until it is reduced by electrically neutral 
hydrogcai to form two molecailcs of water from each molecule 
of ILOo, we should thus have ns a net result from each original 
pair of ions two molecailcs of charged ILOo, each of which would 
pro(lu(‘.e by (‘ombinution with IL two molecules of making 
four molecailes of ILO for each original pair of ions. It has 
already been shown tluit Bc’luau'r found 3,7, and that the results 
of Thud give a value oitlua slightly less (3.5) or exactly four, 
depending upon what assumption is made as to the position 
of lla A in the retiction vessel at the time of its decay. A 
value somewhat below 4 could be explained by cross reactions 
between charged moUuailt's; for example, it could be assumed 
that the acvtuully found as a product of the reaction by 

H{‘heu(a, hud resulted from its stabiliziation by becoming electri- 
cally nc'utnilizcul, prcn'cnting its reduction by hydrogen. The 
mechanism just propos(‘d at least shows that the ratio M/N = 4 
is still within thc^ limits of possible ionic explanation without 
resorting to oIIkt thc'ories. Jf it be assumed with Bodenstein 
(§ 55) that a frcci c'leclron cun attach itself to activate a molecule, 
is again ck'tached at the moment of reaction, and continues to 
act thus through a large number of cycles until consumed by 
some rtuiction in wliich it is not again liberated, there is almost 
no limit to the itiultii)lc activity of a single electron. 

49, Exceptions to lonic-Ohemical Equivalence — Reactions in 
Which M Exceeds N. 

By consulting the column of M/N values given in Table VII, 
§ 30, in which M is the number of molecules involved in a given 

Jij’. R. Town«pnd, Phil, Trana. Pot/, Boo, 19SA. 1137 (1809). H. K. Mc- 
Clung, l*hU, Mat/, («) 8, 2H8 (1902) ; P, Laitgavin, Thesis Paris (1902), p. 151. 
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chemical reaction and N ia the iminhcr of ions produci-d by the 
radiation, it will be olKscrvcd (hai. I lie caaes in which M excecula 
N fall into two general cluaaea, (hoae in which I he M/N ratio 
lies between 1 and 4, and thoae in which it atlaina valuca of an 
entirely different order ainomding (o aevcral thousand. With 
■respect to those valuea falling in I hi' former class it has been 
suggested in the foregoing paragraph that ilicy do not. conatitnto 
real oxccptiims, hut that by making certain nssumptiona as to 
the mechanism ot'tho reactions, an agreement between iotuzatiou 
and chemical action in a sense concordant, with [‘'araday’s J4aw 
may still be attained. .In the case of the reaction brought about 
between hydrogen and oxygen by u rays, sueb a meebaiiism was 
proposed and discussed in detail in § 48. On account of our 
incomplete knowledge, of the entire beliuvinr of ga.seous ions, 
and also on aecount of un in-'niHiciency of exact, experimental 
data, it docs not appear po.'isibli' at present to reach a iinal deci- 
sion as to the exact relation between gaseous ionization and 
ehcmicnl action,- nor would it be jirotitablc to discuss theoretical 
possibilities as to exact mechauisms for other reactions. The 
number of possilde variables exceeds greatly the number of 
equations now avuilalilo for the solution of the problem. 

Of the second cIuhs of reactions, in wliieli M exceeds N by a 
large quantity, there is at the jiresent time only one example, 
namely, tho interaction between liyilrogeti and I'ldoriiii' gases. 
This particular reaction 1ms also been of great phoiorUniiU'iil in- 
terest for more, than a generation. The ela.ssieal experiments of 
Bunsen and Hoscoo'“ followed tlie work of Draper'" in culling 
attention to the iniporLaiiee of tliis most prominent example of 
photocbeinieal action, and further iuvesligalitm of tlie various 
phascB of the reaction has contimied to the pn-.sent lime. It has 
been repeatedly shown that the nelivily of the hydrogcn-ehlurine 
mixture with respect to light varies witli the purify of the mix- 
ture. The influence, of the impurities exliihils itself in retarding 
the rate of the photochemical action and of leiiglhening the dura- 
tion of tho so-called ‘'induction periiHl” during which the rate of 

"It. IlunKcn #11(1 It. K. I((i(<cm>, (Ittmilil'ii klini,arr .V«» iiml AH (i.elp- 
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reaction increases to a maximum. Chapman and MacMahon^* 
have made exhaustive investigations of the inhibition . of the 
photochemical interaction of hydrogen and chlorine. They have 
determined that oxygen is one of the most effective inhibitors 
and that the rate of reaction is inversely proportional to the 
quantity of oxygen present for oxygen contents from 0.08-1.0% 
by volume. They later showed that ozone is a very efltective 
inhibitor. These discoveries have a very important bearing on 
the theory advanced to explain the excessive action of a rays on 
the II^ — Cla mixture. 

As has already been stated (p. 85) the results of Jorissen 
and Ringer on the combination of + Cl^ under the influence 
of i)cnetrating rays enabled Lind to estimate that the M/N ratio 
exccodod unity by 100 to 1000 fold. This exceptional ratio led 
Bodonstoin and Taylor (loc. cit) to, determine the effect of a 
rays on the same reaction. It was found that the reactivity of 
tho mixture varied with its purity, as in the case of the photo- 
reaction, and that in a mixture of maximum sensitiveness at 
least 4000 molecules of Hj and Clj combine for one pair of ions 
formed. As will bo shown in tho following chapter, Bodenstein 
calculated that tho rate of tho photochemical interaction of Hj 
and Clj oxeeculH tho predictions of Einstein’s photochemical 
cquiiHiLau'C law by a factor of about 10“. Bodenstein was led 
to propose an electronic theory for photochemical action accord- 
ing to which an electron primarily liberated by any form of 
radiation can successively activate a largo number of chlorine 
molceules, which then react with hydrogen, again liberating the 
electron at the time of reaction. This process would continue 
indofuuLely from even a small number of initial free electrons 
except for tho fact that finally tho electron activates a foreign 
molecule (dhapman’s inhibitors) and is not again liberated by 
tho reaction. Bodenstein assumed oxygen to be the inhibitor in 
this case and that tho ozone formed again decomposes to give 
oxygen. This fits with a number of other observations, namely, 
tho inhibitive effect of oxygon and of ozone actually observed by 
Chapman and MacMahon, and with the observation of Lind 
tliat ozone fonnation is statistically equivalent to the ionization, 
from which it follows that the free electrons arc consumed in the 
reaction. It also explains why the reaction does not proceed after 



to abandon the theory as applied to photochemical action of 
chlorine gas on account of the lack of ionization which he had 
assumed; but in the case of the action as produced by a parti- 
cles where we have actual ionization, his theory remains appli- 
cable, in principle at least, to explain the abnormally high value 
of the M/N ratio. As alternative theories we shall have that of 
Nernst for the photochemical interaction Hg + CI 2 and the later 
one of Bodenstein, both of which will be presented in the follow- 
ing chapter. The fact that the Hg + mixture at ordinary 
temperature is not photo-sensitive and that its M/N value for a 
radiation is normal is of much interest. 

60. Exceptions to Ionic-Chemical Equivalence. Reactions in 
Which N Exceeds M. 

A study of the M/N ratios for various reactions in Table VII, 
§ 36, shows that the cases in which the ratio drops below unity 
may be divided into those where the departure from unity is 
not below 0.5, and those where considerably lower values are 
attained. The case of slight departures needs no further dis- 
cussion; the agreement may be regarded as satisfactory from 
the data at present available. The small deviations might be 
explained either on ionic grounds or by the assumption of some 
recombination to form the original product, thus reducing the 
reaction efficiency. 

The cases in which the M/N ratio drops to much lower values 
seem to divide themselves into two classes, those where difference 
in state of aggregation is the controlling factor, and those in 
which the inherent properties of the reaction itself produce the 
low rate. 

In the case of the decomposition of water it is very evident 
that the state of aggregation plays a large role. It has been 
shown in § 37 from the results of Duane and Scheucr that, while 
water in the liquid state is readily decomposed by a radiation 
in almost exactly the quantity required by ionic-chemical 
equivalence (or by electrolysis), the decomposition of ice un- 
der the same conditions is only about 5% of that of water. 
While for water vapor for the same amount of a radiation 
absorbed, the decomposition showed variable values somewhat 
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lower yet tluin those for ice. On the other hand Wourtzel (§ 39) 
found that the decomposition of solid HoS at —IQO"^ was of the 
same order as found for the gas at 18°. This does not necessarily 
mean that the dcc'.omposition of gaseous and solid H 2 S at the 
same temperature would be equal, since Wourtzel found the rate 
of decomposition of the gas at higher temperatures to have a 
marked ncigativc temperature coefficient, which, if continued to 
lower temporaUires, might mean that the decomposition of the 
gas at —190° would be (were it possible to determine it at this 
temi)CTaturtO imic.h higher than at 18°. It is difficult to find a 
l)hiUHil)lo c‘xi)lauati()n for the results for water vapor and ice. In 
iJi(^ case of watcu' vapor one would be inclined to attribute the low 
value to rcHuanbinaldon owing to the greater mobility of the sys- 
tem, but one is c.onfrontiMl with the case of ice, where mobility 
must be at a minimum, and yet the decomposition is mueffi lower 
than that of wat(‘r. The (‘.xplanation might be entirely through 
t(‘mp(^ratur(^ (‘Hec.t. This would reepure a maximum at ordinary 
t('mi)i'ratnr(', for the rate of (hM'omposition of water. While 
Wourtzi'l has ol)Herved a minimum for N.X) at ordinary tem- 
j)(‘ruUir(^, no maxima have y(‘t been found. Since the tempera- 
ture c.o(*ffici(‘ntH th(»ms('lv('H remain unexplained, speculation in 
this dire<‘hion is not. illuminating. 

To r(‘{.urn to a (‘onsidcTatiou of gases, Wourtzel found in the 
case of CU)^ l)ut slight decomposition, which ho attributed to the 
great(T sl.ahilily of this compound, in other words, to the excessive 
amount of tau’rgy ncc('ssary to bring about its decomposition. 
Su(T a vit'W is not in ac(H)rd with the ionization theory of the 
riai(‘t.ionH, since we know that CIO^ is readily ionized by a par- 
tick's and that amount of energy expended in producing its 
ionization is greatly in ex(‘ess of that necessary for its chemical 
decomposition. As will he seen in the following section, there 
does ajipt'ar to be some. t.endt*ncy for reactions proceeding in the 
diret'Uon of Uk*. (‘la'inical free energy to ntilizc a greater propor- 
tion of kitielie energy of a radiation than do those taking 
place opi)os('d to tlu' free eiu'rgy. But among those of the latter 
class ilu're is no distimd, tendency for the reaction to be controlled 
by this factor, and it is very certain that the failure of the 
decomposition of (!()m gas by (x rays is not due to lack of the 
necessary kiiu'lic {‘uergv or of ability of 00., to abvSorb it, as evi- 
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The question of the elieinical iuhion of a riiys on solids Ima 
not been very thoroughly cxiiinincd exi)CTiim'ntally. As pointed 
out in §§ 28 and 36, the dccomijosition of Homo of (he halides of 
the alkalis and alkaline earths has boon invostigatod with pene- 
trating radiation and found to bc! vi'ry small, in some oases 
almost zero. It is very fortunate that all solid substanoca arc 
not attacked and chemically changed by radium railiations, as 
it would bc impossible to carry out manomolrio moasuromonts 
in glass or other vessels or to dotc'rmino the (riu^ volume of 
radium emanation, if gases like oxygon, for I'xamplo, wore being 
continually liberated from the glass wall. There is no evidence 
of such being the ease. Eadium eman.ntion may be retained in 
glass without the production of measurable (pmnt.ities of pres- 
sure. It is very desirable to extend the investigation of the 
chemical effects of a rays to other solid Hubstanees both crys- 
talline and colloidal. 

It is interesting to point out that no great deviations have yet 
been observed of the M/N value for reactions of any substances 
in the liquid state, that the deviations in the. solid state arc. all 
in the direction of low values of M/N, while in tla; gaseous state 
wo have examples of largo deviations from unity in both 
directions. 

61. Energy Utilization of a Bays in Chemical Reactions. 

In the last column of Table VII, § 30, arc estimates of the 
percentage of the total energy of the a rays absorbed in a given 
system which is utilized by tlio resulting cliemieal action. The 
values have direct significance only in the eases where the reac- 
tion produced is opposed to tlio chemical free energy and tlicrc- 
forc requires the expenditure of exU^rnal energy. Values arc 
also given, however, for the reactions proceeding witli the chemi- 
cal energy, in order to show tlmt with the one largo exception 
of' the hydrogen-chlorine reaction, and to a much loss degree 
that of hydrogen-oxygen combination, the order of the values is 
not very different from those of reactions opposed to the ehemicul 
free energy. Tliis indicates that the chemical free energy does 
not, at ordinary temperature, play an important part in reactions 
produced by <x particles. In other words, it appears necessary 
to do work on the molecules to render them chcraieally active, 



of the jn'iniary uc^tioii involves energy quantities very much in 
excess of the net c.hemical energy, and that the amount of energy 
necessary to do this work is of the same order, whether the reac- 
tion is pro(‘, ceding with or opposed to the chemical energy. If 
ionization is the interinediatc step involved, this is just what 
would be exi)e(‘,ted. Since the energy necessary to form a pair 
of ions (5,5.1 crgvs) is largo compared with the chemical 
energy of rcuudaon refc^rred to a single moleeule, the energy trans- 
formation will he small. For exaini)le, if the M/N value is unity 
for a renuduon of wliicdi rr: 100 tJals., q or the heat of reaction 
referred (,0 a singU^ molecade would be ergs, and the energy 

utilization would be about 10%. 

For most of the n'uc.tions where expense of energy is actually 
reepured th('. utilization fuedor is about 2% or less. Warburg^® 
has point C'd oxit that a low order of energy transformation is one 
of the chitd (‘hara(‘.toristi(’s of photochemical action. Warburg 
exi)lainH this by the assumption of a primary reaction consisting 
in Hj)litting the molecules into atoms, a process that would require 
mudi more cauu’gy than that involved in the finally resulting 
chemical r(*action, were it wholly molecular in mechanism. It 
does not appear at all impossil)le that free atoms arc the intcr- 
mediabi products in photochemical reactions, while free ions and 
(‘l(*(‘tr()ns may b(‘ tlui intermediate imxluc.ts or agents in reactions 
produced nndt‘r ionizing conditions. 

It might be nuiitioiHul that the values for energy transforma- 
tion givt'U in <he last column of Talde VII vary considerably in 
reliubilily. "rhe later valii(‘S for water formation, and for dccom- 
l)ositi()n of water, ammonia, hydrogen sulfide, and nitrogen pro- 
toxide may 1)(‘ accepted with assurance. The data involved in 
most of the other cases are old(‘r and i)erhap8 should be verified 
before they can be act'cptecl with the same degree of certainty. 

B2. Chemical Action Produced by Electrical Discharge in 
Q’ases, 

Tlie subject of the chemieul effects of electrical discharge 
through gases is too large to be considered in its entirety within 
tlie limits of the presemt work. Attention will be confined to 

Wnrlnirg, AkaU. Ihrlln, pp. 7*10-04 (1011), 
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those phiiscs of the sul)j(^(^b wliicli lire nunr closely reliitcd to 
raclio(!hoinistry luul to the ionic, theory of |j;!is rt'aclions. 

As soon as it had been shown that ozone, fonnuiion from oxy- 
gen is proportional to, and probably statist ii-ally etitial to, the 
ionization (§ 33) both in the cases of (t radiation and certnin 
kinds of electronic discharge, the application of ih(\ same princi- 
ple to the broader field of ozone formation by silent,, spark, and 
other forms of electrical discharge, followed naturally. 'I’licoric's 
were independently proposed by Kabakjian,'" by bind,”' and by 
Krtigcr’^" which were practically identical. 'I'he generalization 
was made that ])robably in all cases ozone formation in gasisms 
oxygen is the result of the primary ionization of oxygen by some 
form of electronic dischargi'. 'I'lie (luantity of ionization involved 
in the ozone formation is not directly relateil to the tlow of cur- 
rent, but is the far greater number of ions produeed in the gas 
by electronic shock (§ Ki), which never reach flit' electrodes and 
therefore take no part in the electrical conduction, since the 
intensity of ionization far exceeds the limiting eonditions for 
attaining saturation current. 'I'liis pretlicis that the ((uaritify of 
ozone formed should not be. related to the current, flowing, as 
required by direct application td’ Karailay’s baw, Imf. slitndd be 
a much greater (lUantity. 'I'he experiments of Warburg'” on 
ozone formation by silent discharge conlirm this fully. Under 
some conditions Warburg found that about one thousand fold 
as much ozone is formed as would correspond to the current, or 
that instead of the theoretical ht'unoo ccniloinbs required per 
chemical equivalent, less than 100 coulombs .sullice for the pro- 
duction of one gram-eciuivalent of ozone. Hitherto it. has not 
been possible to conlirm the, theory that the total ozone forma- 
tion would be accounted for by the ionizfUion by electronic, 
shock, because we have no means of mea.suring the total ioniza- 
tion produced. Conversely llus conditions under which ioniza- 
tion by shock have been measured"" are not s\iiluble for the 
formation and measurement of ozoin‘. 

Recently the subject of ozone formation in corona discharge 

^«1). II. Kabakjlttii, iV/j/ir. /(ffp., JU, laii.Vi (I OHM. 

S. C. Ijlnrt, Tram. Amcr. PUcvtnn'hvm. :»1, tHl n (11)12) 

KrllKor, ZHt., m, (it) 1 2). 

Wiirbum, KUffh, Akud. WIhh. Jitrtiii, p. HUl (ll)(i:i>; tUUf u 1228 
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bus been invostiguted by Andcregg =>■ and by Ridcal and Kunz.®^ 
Andcriigg oxprcHwos the oi)ini()n that oxygen atoms arc probably 
present in all (iascB of ozone formation, but defers judgment as 
to whetlier ozoiu', is formed from oxygen ions. Ridcal and Kunz 
have i)aid csiJceial attention to the distribution of ozone in the 
direct current corona of positive or negative sign. Their meas- 
urements of the (piantity of ozone were made by two independent 
methods, (diemical and photomctrical. While the quantities of 
ozone fornuid in the positive and in the negative corona arc 
api)n>ximately the sanH\, the distribution differs in a marked man- 
ner in tlu! two cases. Tlic various ways in which ozone can be 
formed in the light of the radiation hypothesis (see following 
(thapten’) were also rc'.viewc'.d by Ridcal and Kunz, and the con- 
clusion drawn that molecules of one kind can be activated by 
radiation to dirferent extents. 

The eombinutioi\ of electrolytic, hydrogen and oxygen under 
the. inllueuce of elec.trical discharge has been investigated by 
Kirkby.“‘' '’i'he experimental conditions were regulated so as to 
parallel those employed by Townsend (§§ 16 and 18) in his 
studies of ionization by (aillision. Veiy low gas pressures (a 
few nuns, of Hg) were usc'd. The distance between the electrodes 
was varied from about 0.25 Lev nearly 2 cins. Kirkby found that 
the rat(^ of combination is proportional to the current passing, 
and that about 4 molecules of ILO are formed per pair of ions. 
It is very inlen'sting to observe that this number is the same as 
that obtainecl by land (and practically the same as that of 
Scheuer) {lac. cil. § 48) for the same reaction under the influence 
of a particles. Kirkby com-luded that hydrogen molecules react 
with uncharged oxygen atoms, which are dissociated by collision 
with electrons under certaiiv conditions. Only one half of the 
collisions of cdectrons with the necessary velocity actually results 
in the, dissex-iation of the oxygen molecule. For the action 
within the positive column Kirkby proposed a general formula: 
Njr Q ; 7.9i).e in whieli p is the pressure in mras. and 

Y is volts.enr'. 'The applicability of the formula is independent 
of the apparatus. 

R ti. Antli’rc’wr, Jmtrn. Amn\ ('hem. ^oe. HO, 2581-95 (1017). 

K. Hltlfitl ntitl J. Km\%, Jaurn. Phun. Ohem. 24, 379-93 (1020). 
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Among other gas reactions produced by oU'ci.ricnl discliargo 
may bo mentioned the very careful inv('.st,ig:dion by Davic's'-'* 
in LeBlanc’s laboratory at Leipzig of the decomitosilion and 
formation of ammonia in a Siemens tube. Davies iin-t'sligaic'd 
the reaction and equilibrium from the standpoint of tlie. applica- 
tion of the mass action law. Ho found that (he. emu'w' of the 
reaction may be expressed by a first order (‘qualiou, (Iiat the 
rate of decomposition is approximately proportional (o tlu^ cur- 
rent strength, and that the rate of deeomposi( ioi\ li.as a very small 
temperature coefficient, the rate at lOO" being double that at 
ordinary tcmpci’aturc. Excess of liydrogen was found (o lower 
the rate of decomposition, wbile excess of nilrogim inenaised it. 
Equilibrium attainable from both direclions was idmost inde- 
pendent of the current strength and corresponded (o ammonia 
formation to the extent of %’'/o of the maximum jiossible. With 
excess of cither component the eciuilibrium changes in favor of 
further ammonia decomposition, 'riie law of mass action is nut 
applicable to the equilibrium. The rat(> of ammonia fonna(ii)n 
decreases slightly in excess of nitrogen and in<-reases slightly in 
excess of hydrogen; this result is in accord witli (hose for iidlu- 
ence of excess on the decomposition, but are not those (hat would 
be expected by analogy with iuduetice of excess of components 
in water formation by a rays (§ 46), where, the exce.ss of light t‘r 
gas diminished the rate while excess of tlu; heavier increased it. 
Falckcnborg ““ and I'ohl'’*" have studied the. decomposition of 
ammonia in a SiemcuH tube rather from tlui pliysicul and eh‘c- 
trical standpoint and find Faraday's hiw inapplicable to the nda- 
tion between current flowing and {luantity of ammonia decom- 
posed. From what has been said previously in regard to ozone, 
formation it is evident that one should not expect any direct 
relation between the two. To make the statement nutre general 
it is quite as unreasonable to expect equivalence between the 
current flowing and the chemical effect in the case of electrical 
discharge through gases, as it would be to cxi»eet etiuivaleneo 
between the total primary charge of a rays and their ehemieal 
effects. In both cases equivalence must be sought in the far 
greater number of ions produced by collision. 

n. Davlca, Ztsit. pJm. O/iim. 04. 057-813 (1008), M. Loltliinp, Verft. 
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Fiirtlusr conaidcriition of the experimental data on the chemi- 
cuil effeets of the pasKiiRc of electrical discharge through gases is 
not within the s(H)pc of this work.“^ In its most general aspects 
tlio subject may be regarded as having great scientific and per- 
haps important (iommerciul possibilities which arc well worthy of 
fur then' rciseare.b. For example, the possibility of an electro- 
(diemical proeniss in whie.h only 100 coulombs are required for 
the production of one chemical ceiuivalont ought to prove attrac- 
tivee to (,hi; eleeitrochemic.al engineer, provided the energy rela- 
tions sliould not prove to be too unfavorable. 

Besidc.'s <.li(! reaednons produced by electrical discharge in gases 
at ordinary pressure! there is a class of reactions observed at low 
])ressures whicli may or may nob be of chemical nature. The 
“clean up” of gases in spoc.trum tubes has been observed for 
many gases, but is (•specially puzzling for the gases of the inert 
serit'H where we can not a.ssumc ordinary chemical reactions to 
tidee place. Although a mechanical or electrical explanation, 
such as t.hat discussed for the hardening of X ray tubes (§§ 16 
and 18) might bt! i>ruposed, Clollic^® has recently observed the 
chian u]) of pure .xenon in a manner very puzzling to explain. 
Xenon dilTcrs from the oth(!r inert gases in that heating docs not 
agiun libcral.(! !(■ from th(! (iUrctrode or “splashed” mirror sur- 
rounding th(! electrode, Itsing platinum, aluminum and copper 
(•le(!t.rodeH, t 'ollie ch'aned up more than 2 c. c. of xenon, of which 
h(! was unabh' to recover more! than a few per cent even by chemi- 
cidly dissolving tin! electrodes, the mirror and the glass spectrum 
tub(! itself, ('ollie was idmost forced to conclude that xenon 
had entered into koiik! form of chemicid combination from which 
it was not liberated as gas by the radical treatment employed. 
Badimn emanation has been found by several authorities to be 
cleaned up in a siteclrum tube in a similar way. Since radium 
emanation can alway.s b(! detected by its y radiation it would be 
very interesting to repent tlu! oxiasriments of Collie employing 
emanation instead of xenon to ascertain if any light would be 
thrown upon tiu! nature, of the “clean up." 

The lleseareli Staff of the Gcnc’rnl Electric Company of Lon- 


^ to tUo litornturo wUl bo found In the napor of Davies (loo. 
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don recently presented “ the results of un inveslination of the 
disappearance of rus in the electric (lischar)j;e, from which it 
appears that the phcnoiuenon is closely (mimecied with the 
appearance of a glow in the discharges tuhe, which is heliesvi'd to 
result from a reversible chemical action. 


63. Production of Free Electrical Charges by Chemical 
Action. 

Related to the (iiiestion of (he prodiiclioii (d' chemical action 
by ionization is the converse. om> as fo the lihendioii of charges 
by chemical reaction. Various opinions have been t'xprcssed us 
to the reality of this phenomenon. 'There can he no (piestion 
but that chemical action is oflen accompanic<l by (he lilu'cation 
of electrical charges, but whet.her or not this is ever (riu* in a 
homogeneous gaseous system where (here is no possibility of the 
accompanying influence of high li'mperaliire or of some physical 
process, requires careful consideration. 

By introducing a gold U'af eh'ctroscope directly into a mix- 
ture of hydrogen and ehloriiK! gases and causing (hem to naict 
under the stimulation of light, .1. .1. 'riiomson-'" .sliowe<l most 
conclusively that no free charges are priiduced either in ihis 
“induction period" or during vigonais re.action. .\ rays pro- 
jected into the same system causial (he gohl leaf to ilischarg(i, 
proving its sensitiveness, hut failed to increase the rale* of com- 
bination of hydrogen and chlorine as ohservi'd by the Hunsen 
and Roscoc actinomctcr. It might he mentioned )iarcnthelieully 
that this docs not prove that X rays do not. enust! hydrogen and 
chlorine to react (proportionately to (he ionization). sinc(^ tlie 
sensitiveness of the gold leaf discharge to detect ions and that 
of the Bunsen and Roscoc actinometer to detc'ct tin* disappciir- 
ance of molecules by diminution in volunu* nr(^ of a wlmlly dif- 
ferent order. Kumraell** later thought he had found evidence 
contrary to that of Thomson, hut Tlitansoii's result was con- 
firmed by a very careful investigation by LeBlane and Vttlhner,’'"' 

«>PMl. Mag. (0) 40, (1020). liy N. H, Cnmi't.i'U nml 
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who {ilso (l(‘.m()tistrat(Hl for the first time a chemical effect of 
X rayH in a reaction (IL + CL). 

On the otluT band Haber and Just''*-^ have demonstrated in 
an exttaided series of (‘xperinumts that the action of certain gases, 
iiududing \va(.('r vapor, tla^ halides and phosgene, on alloys or 
amalgams of the alkali metals results in charging the metal 
positav(‘ owing (.o ih(‘ liberation of elcKvtrons from its surface. 
Haber and ,Iust d(‘nions(, rated that temperature has an influence; 
iodint* vapor at - 79” C. had no effect, while at +3® there was 
an effta't which b(‘came. sirong at 4-HL’. They showed that the 
('onibined (‘fhufl. of light and ehemieal aedion omits more electrons 
tlm.n tlu* sum of tlu'. s(‘])aral(‘. emissions. Other metals than the 
alkalis show an (‘nV{‘t if ihv. tempiTature be raised. Aluminium 
begins to show an (‘fTeet at 180”, wliich becomes rapid at 240®. 
‘‘rhe uuipiilarity of (he effc'et begins to disappear at higher tem- 
j)(Tainres. Amalgams of O-s, K, and Li gave negative ions 
instc'ad of elt‘(‘(rons. Ilie (|uun(ili(‘s of electricity emitted were 
fur I)i‘low b'araday (‘(juivalcnct^; for example, the formation of 
oiu^ gram-moI(‘{‘ul(^ of K( '4 was associaicMl with an emission cor- 
responding (o (if) (’oulomhs instead of 90,500. 

In a study of the oxiilaiitin of metallie. Na, K and alkaline 
(»arlhs, U(‘boul shoW(‘d that the ele(‘trical effe(‘.ts accompany- 
ing these n^actions an* W(‘ak and dillicnlt to detect when the 
reaction is miaccomi)nnied by some [lurcly pliysical phenomenon 
such ns (‘mission of light-, high temperature, etc. NovcrthclCvSs 
hc' do(‘S not think are justified in diseardiug the idea that 
ionisation may accompany all chemical action. Bloch has 
repealed some of (la^ (‘arlier gas c‘X])t‘rimentH of llcbouP^ and 
conchides iliai f(»r llu‘ r<‘nction NH., •‘I ionization is doubt- 

ful; that none is protlnced by llu‘ reactions: 2 N() 2 “f 0; SO^ -I- 0 
(coniatd iiu‘thod) ; lU \ S; S*1 0^; and decomposition of AsII.,. 
Only Iht' ('use 21* \ HO gave ionization. Pinkus^*' employed an 
electroscopic nu‘(liod for two reactions; for 2NO + 0^ he found no 
ionization; (uv the reaction NO ('la no kmizatiuii was found for 

»M\ IlnlMT rtiul (?, tl. Fhm (4) no, 41145 (1009) ; F^eU. Blektro- 
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equivalent quantities nor for small exccsst's of ciilicr gas, hut 
for large excess of NO some ionization appeared to oeeur. 
Broglie and Brizard'”’ cone.luded, after an (‘xhausiive study of 
the evidence, that chemical aeditin produces ionization only 
when accompanied by a physhad reaidion such as i)assag(^ of a 
gas through Ikpiid, breaking a erystalliiu' surface, luminesca’nee, 
etc. They state that there is no ionization in the ease of reactions 
of the following classes: (1) Between gases in the cohl; (2) tlouhle 
decomposition in liquids; (S) dry decomposition of amorphous 
substances at slightly olovatc'd temperature; l-l) rupture of an 
inactive surface by bubbling. While there is ionization in the, 
following cases; (1) Ciases preiiared by wet. way; (2) vigorous 
reactions by projection into watc'r; (tl) dry actions necompanic<l 
by the decrepitation of crystals; (4) 2Nu | O (moist 1, feeble 
ionization; (5) reactions with incandescence, sui'h as flames, or 
combustion of metals in Oj or (Ih; (0) reactions with lumine.s- 
cence, such as the oxidation of ? and of (luinine sulfate. 

The case may be summed up by stating (hat we have no 
definite evidence as yet of the production of ionization or the 
setting free of electrical charges by any homogeneo\is gas 
reaction at ordinary tempta-atiini, but that in (he ea.’<(^ of hef(‘ro- 
gencous reactions or gas reaetions at higher temperature we have 
undoubted cases of tlic liberation of eliarges, which may, how- 
ever, not be directly the result of the chemical action, but the 
secondary result of soino accompanying physical oia-urreuce. 

The determination of ionization produced in gasetms exjtlo- 
sions has been undertaken by Ilaselfoot and Kirkby *■' for eli-c- 
trolytio hydrogen and oxygen at 80 mm, pressure, and for 
ozoimide (HN„) by Kirkby and Mar-sh.*' In tlie former cuho 
the M/N ratio was about KP and in the latter about HH) times 
smaller. The explosion nudliod has the disadvantage (hat what- 
ever charges are liberated by the reaction are proilneed suddenly 
in large quantity so that the attainment of saturut ion current 
might bo very difficult. However, from the small N/Nf ratio 
found it may bo fairly cone.luded that tlie total lilxTation of 
charge is small compared witli the number of inoleeuh's react ing, 

»»M. Brogllo ftiirt n. nrlssnnl. f-p IMIum 7. HH » niUlo. 
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bocfiuao, if N wore anything like the same order of magnitude as 
M, the fields used would have drawn a greater number of ions 
than was observed to the electrodes before recombination could 
have occurred. 



Oliaptev 10. 

Pliotoc.lu'.mical H!l(iuival(‘ii('t’ Law. 

64. Einstein’s Application of the Quantum Theory to Photo- 
chemical Action. 

The inclusion of ihi.s siibjccl, which iIoch iiol pnipi'i'ly fcinii 
a part of the pro, sent mononrupli, 1ms u (Wd-luhl nlij<'cl: (1) In 
enable a cornpurison holwoon corlain points of simihirity whicli 
this brunch of phoiochoniistry slmri's with (he other rjoliochemi- 
cal effects which huvi^ been di.scimsi'd in the fore^oiiiK clmptcrs; 
and (2) to present the exiicriincntul invest i^-.-d ions whieli have 
been brought to bear ti])()n a test of thi‘ pliotocheinieal e<[\iivatence 
law since the apiicarance of the standard works on photo- 
chemistry. 

It has been recogniml hy physicists for some time that lh(( 
idea of the continuity of light as exprtwed liy .Maxwell's theory 
sufTiccs for the oxphumtion of optical phenomena, hut Ihuti cer- 
tain other phenomena, such as ionization hy light, photoluini- 
ncsceneo, and “dark radiation," repnire the iulroiinetion of an 
atomistic conception of radiant energy. This ^tep was taken hy 
Planck in his quantum theory according to winch energy is 
radiated or absorbed only in integral units e(in d to hv, in which 
h is the Planck’s constant fti..')'l7 x It) *'' erg. .-ec.) ami v is the 
frequency of vibration. Minstein ‘ has proposed the ai>plication 
of Planck’s quantum theory to photochemical phenomen.n in tin! 
following form; N = (J/hv, in which is the ahsorhed heat 
required for the production of the chemical action, N is the 
number of molecules diHsociate<l hy light of (he fretpieiii’y v. 

In attempting to apply Minstein's law to actual pholochemic:d 
reactions it is necessary to keep in mind that it ajiplies only to 
the primary light reaction,. As will he seen hit it, seeontlary 
reaction may intervene in such a way that (he total (iiumtitv 
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()[ (iluiiniciil Hct.iou n-siillinff from tlic pi'imary action may be 
(utlua' i'.(|uiviil('nt to ii., or grtuitly in oxccks or deficiency, depend- 
ing; 111)011 circmnsf.ances. In i>;eneral it is not possible to measure 
the (luanLity of primary rc'ac.tion directly, but only through the 
liroduetion of some secondary reaction. In order, therefore, that 
the tc.st of (he eiiuivalence reciuired by Kinstcin’s photochemical 
hiw shall have any significance it is necessary to be able to 
nu'iisure a secondary reael.ion which is really equivalent to the 
primary, hrom the terminology of photochemistry the term 
actr.plor has been used to designate the substance acted on by 
the producl. of the primary light reaction. Evidently the first 
re(|uisil(‘ in (esiing Ihe iihotoclu'mical equivalence law is an 
acct'plor which will give a measurahle secondaiy reaction that is 
eiiuivalcnt to the jiritnary. ''I'here is as yet no theory according 
to which ihe aclion of a given acceptor toward a given primary 
product can he predicled. Il is necessary in eacli case to try by 
experiment, tlarly failures lo find “suitable” acceptors for the 
reaetions invest igaleit have ralher retarded progress, but as 
experience is accumulated a more rapid development of the 
sul)jecl. may lie expected in the future. 

66. Exporimontal Tests of the Law of Photochemical Equiv- 
alence, 

Warburg" was one of the first lo undertake experiments in 
this direction and was followccl by liodenstein, Lewis, and yet 
more recently by ^■ern^^. Ids co-workers, and others. The results 
of the earlier work were simunarized in 1913 by Hodcustcin.* 
'file following Table NV gives a list of reaetions aeeording to 
Hodenstein wliieh he terms ''primary light reaetions,” in which 
the number of iiaileeules (.Ml aeted on in the primary action arc 
either equal to hv or exeeed it by sinall multiiiles. They may 
he regarded as eases in whieli Kin, stein's law is at least approxi- 
mnlely applieiihle. 

At- the time that, Hodenstein Jiiade the elassifieation pre- 
sented ill Table XV he was of the opinion that the primary light 
reaetioii.s are the result of direel, netion of the positively charged 
ions left after (he reinovid of an electron from the. molecule. As 

9 Wst tsfrin'w <if in tlu' Akdd* 
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TAliLl^ XV 


Primary Light UtuwlumH Avcordini} io Hodnisfrin 


Reaction 

Aulhoritu Ahtiorption 

hv/M 

2HI = Hs + 1. 

lb* 

weak 

? 

3 O 2 = 2 Oa 

11 ." W." 

•weak 

strong 

1 fur 2 0 , (mensd.) 

2NH,=NH“3H2 

11 .’ W." 

strong 

d imeastl.) 

2H,0 = 2II, -h 0, 

Not yet nx'MSil. willmul plinldcbcuiical n- 
coiubinalion. 

Aiithraccrc-> 



t to 0.7 (e;ded.) 

diaiitliraccnc 

T;, & AV." 

medium 

3 ( caleil. hy H.l 

Dccomp. Lcvuloso 

B. & O.'" 

UK’dium 

l.'l (caledd 

C„H,NO„CHO-^ 

cXN()CX’)()1I 

W. & K." 

medium 

strong 

9 fenlcl.t 

SX = Six 

W.’" 

medium 

d to f) 1 call’d.) 

Quinine oxidation by 
ebromio acid 

T,. & F.'" 

medium 

1 .a ( ealedd 

2 0, = 3 0, (by 01,) 

W.’* 

medium 

1 .7 1 ealed.) 

(I.K 1 ealetl. hy H. ) 


already stated, on aeeouut td (lie cKiHadmenia! t'vitleuer t(» llu* 
contrary liodenstein was forecMl In ulaindnn Ids (lusjry anti to 
adopt the idea of Stark**’ Hint lla* primary li^ld rllV«*t ennsislH 
in loomiin(f the valence elcclrons in stich a mmuiti* as io rcialer 
the molecule eliemicnlly active. 'Phis cliaime t»f I henry in no 
way affectB the applicahilily of Hotlensiidn s iilea of jiriinary 
light rcactioiiB, for which li(‘ prc'se-Hhcs the fnlhaving eharatd er- 
istics: (1) Proportionality hetween tin’ (jUantity nf elaanieal 

*ivr. nn(lrnHt(’ln, Zolt, phfiH. thvm, iJU, C.'I II^HTi ; iJL I IT 

■'W. UoRonor, Ann. rf. Ghi/stk (*l) 2i), nuill iomhu. 

“K. WarlHirg, Hilxh. /l/mrf. Ilrrlliw lUlU. UOf. 

’ K. Ui'gouor, lao. rU, 
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rcvicUon tuid ilio nbsoiixMl a corresponding law 

for rc'iu'lion vc‘lo(‘it.y, (2) Ahscuice of mflucncc of foreign snb- 
,stiin(‘t'H, and uhsta\(’o of inllnenoe of tomperatnre, insofar as 
they do not inihuau'o ilu^ absorption of light. (4) One molecule 
reaching for ea(‘li c|uaniiim of energy absorbed or for a small 
nnniber of lli<^ Ia(.(.t‘r. 

lFud('r s(‘eondary light nau'-tions Bodcnstcin classed those 
whii'h show a gnxd- <‘xeess ov(t or defu'-ieney from the rcquirc- 
nu^nis of lOinsloin’s iheory, and originally assumed that the excess 
action is due to (lu‘ nuilt ii)lie{l ('[Teet of the free wandering elec- 
trons, as aln^ady (‘xplaincd in tlu^ previous chapter. Upon being 
hu’ced (o abatalon this theory ftjr tlu', same reason as in the ease 
of thi' i)riniary read ions, HodiMwlein makes the assumption that 
a moltx'uh' whi<'li has rt‘C(‘iv(‘(l light energy (in the form of 
loosciu'd valcnci* eh‘clrtuis') does not lose it on combining with 
another atom or molecule, but pro(lu(‘es a compound which is 
capabh* of imparting this cui'rgy to c(‘rtaiu other moloeulcs with 
wliicli it comes into contact. To take the cas(^ of the Ho — Cl^ 
reaction, he assumes that (1., is adivalt'd, (!om})ines with ordi- 
nary il;, moleeuh‘s ba‘m aclivatetl IlCU which can impart its 
activity to ('I, and to O. (to explain (Ussipation of activity by 
inhibit (jrs ) , lail not to neutral gasc.s like N^, nor to ILj. In the 
following s(’efion will In* presented a Iheory by Nernst assuming 
ulomii'ait ioji of (’1, as the primary action. Without any distinc- 
tion at. prchcnt as (i» whii^h (luHnw has greater probahility, Boden- 
sliairs t*la>sit’u’ali<ui of the si‘condary light rea(‘4.ions has the 
samt‘ t‘xperimenial wc‘ight as it- originally carried and is tlicrc- 
fort* givt'U \n the following 'Fable XVt. 

Lutht‘r and ( lohlberg have shown (hat in all the photo- 
ehlorinatious invi-l igati'd ]\y them t)xygi‘n acts as an inhibitor, 
and Hodensfein makes (he gein'ralis^aticai that oxygen inhibits all 
the .sec(tiulary phtihH'Iiemical reactions exca^pt those in which it 
tak(‘s pur! us an tjxytlij^dng agent. The data of Boclenstein and 
Dux on the kinetics of the photochemical interaction of hydro- 
gen and chloritH* served us n basis for Hodenstc'iiFs gtaierul photo- 
(’htanicai tht*ory, which be (hen applied to other photoeljcmical 
reuetions with tin* ft»lhaving mocIificutionH, which have been 
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theory instead of the oripiinal electromr. Uu'ory: 

(1) It is not alwuys tlu! suhstiiiico prinmi'ily nefed on by light 
which becomes activated for tlio secoiKlary rouctioii. 

(2) The velocity of the secondary elTeelive read ion is Tiot 
always excessively large compared wilh tlii! inelleelive reversion 
of the primarily affected siihstaneo to its original form. 

(3) The secondary reaction is not always so great (hat (.he 
primary one can be neglee(,ed in compari.son, as in (he eus(i of 
hydrogen and chlorine. 

(4) . Oxygen inhibition can be aliseid. in ea.se oxygen is (hi! 
substance activated in the secondary reae(ion. 

(5) Other substances can act as inliiliilors and ei(her lake, 
the place of or act jointly with oxygen. 

In Table XVI the. reaelitms are divided !>y Hodens(ein iiilo 
three classes: I. Those in winch oxygen ae(s as inldbi(or. 11. 
Those in which oxygen is one of (he eomiioneids of (ht> rear! ion 
and docs not inhil)it. III. Those in which (he primary reaelion 
can not he neg!cc(,od in comparison wilh (lie .•'•eeondary reaelion. 
I„ refers to tlie. light absorplion by A, (la’ snlislmiee primarily 
acted on. B is the sulistance aclivaled in (he secondary reaelion. 
C is in some cases a third reaeliiig sulisliuiee, dx/dt hidieules 
velocity of chemical reaelion in (he usual dilTereidial form. 

Recently a more rigorous lest of Kin.dein's pholoeliemical 
equivalence law has la'en made by Ki’rnsI am! l'“rl. l’iiseli.“'' 
Nernst emphasizes the. nceessily of paying alleiilion lo liu’ pri- 
mary reaction and of choosing an aeeeplor wldeh iieilher imdli- 
plics nor diminishes the prnduels of (he primary aelion, lait 
directly transforms them iulo (he eipiivalent quanlily of (iimlly 
measured product. Frl. Puseli found hydrogen lo lie a very 
unsuitable acceptor in its reaelion wilh Itromine, (lie anmimt of 
action falling far short of theory. In an experiuteni wilh sidar 
radiation of ten hours’ duration, the quanlily of bromine eoin- 
bined was 0.02 g., where 2.3 grams were predieled by (lieory. In 
cxpcrimcntH with a "nitrn” (nilrogen lilledi lamp’as Miure<’ of 
light, it was found that licptaiie. hexane ami (ohieiie all eombiiie 
with bromine at a rate greater (ban (lieory, hul. liexaliydroben- 

•"W. Nornst, mt. meUrophmn., sq a.'l.’l.n (HUSi. 

*»Fvi. n. Pusciv, mi., 24, iiao-o (lots). 
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zone upi'CiU'tHl (.0 hi‘. a a\iital)la m-coptor, aiul the following results 
wore obtaiiu'cl by j<rl. Pusi'h fur sov'oriU diiroront exposures. 

TABLIO XVII 

Ted of J’hotorhniiicdl I'liiiiii'iilrnrn Law, According to Frl. Pusch 
Hciu'l ion: Broiuin(\ I - lloxuliydrobonzcno. 



I\I dl!.{jnimH oj Hr ombm Combined 

Ho lira 


■ 


(Found) 

(Idled. 

( limdrids Lem) 

8.25 

2.08 

1.82 

22.3:i 

5.05 

5.38 

20.25 

5.72 

5.10 

24.25 

5.00 

5,70 

24.00 

5.82 

5,51 


Since (be nppeiiraiice of Bodenslein'n cbiHHifu'uUon, Warburg 
liuH le.Nled I lie applicabilily of Minslein’s law for a number of 
additional react ions. lAir I lie decomposition of ozone*® he finds 
tliat, in dilute mixlnre.s where the total pressure is one atinos- 
])here, the secondary reaction furuislies a new eoulirmation of the 
law. I’hololy.xi.s in ai|ueons .•-olntiou was examined in the ease of de- 
composition of nitrates to nitriles ♦* using three wave, lengths sep- 
arately of the zinc are; ^ O.'ibl, 0.2r>7, and 0.274|i, respectively. 
'I’he reaction was faster in slightly alkaline than in acid solution, 
was independent of the cation and of the degree of electrolytic 
dlsHoeiution. Minstein's law was tail followetl, the reaction being 
greater for short than for long wave lengths. The effect of tho 
Holuto was suggest eil as the jtrobable cause, Tho conversion of 
isomers was examiia-il for the reaetioiis: maleic fumaric acid 
ancl the reverse net ion. 'flie eliemien! notion found was about 
4 I3';e of theory. 'Die rale for tnaleie— » fumarlc increased with 
increase of X but in a mneh gri’nler ratio. The rate of tlio 
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the Einstein law. The effect of concent ral.ion was not xceat. 
Further tests in the case of annnonia (liaaunposilion allowed 
that either the law does not apply or that iimch ammonia is 
reformed. The application of the law was also not succi'ssful 
for the photolysis of IIBr.'' ' 

56. Comparison of Photochemical Equivalence Law and Ionic- 
Chemical Equivalence. 

Reference to Tables Vll, XV and XVT will show dial we have 
the same kinds of variation between theory and experiment, both 
in photochemical and in a ray reactions. In Iiotli we have a 
number of experimentally invcstiftaled reaet ions in whieh agree- 
ment with thcoiy is as ^?ood us ciaild be expected in the present, 
status of cxporiincntation. We also havi^ in bnlh eases larKe. 
departures from theory in either direetion. On aceimni of these 
points of similarity tho (luesUon naturally presents it.-.^eir as to 
whether the mechanism of reaction is not identical for the two 
different forma of radiation. 

The most strikiiiK case of ^really excessive action amonn 
those hitherto investigated by u radiation has been .shown to be 
that of hydroficn and chlorine whiTC reaction cxeeed.s theory by 
something like 10b Among the pholoeheinieal reaetions we find 
the same reaction exceeding theory by 10". Hodenstein t/oe. ril.) 
has expressed the view that the same meehanMn must control 
both reactions. It would be of great interest to measure the 
increasing activity of hyilrogen-chlorine mixtures with different 
forms of radiation to see whether the reactivity increases in the 
same proportion for all. 

To explain the mechanism liy whieh such large exee.«s over 
theory can be. attained, we have first the free electron theory of 
Bodonstcin, which had to be abandoned as an explanation nf 
photochemical effects, on uecoimt of the experinnmtal demonstra- 
tion of the absence of free electrons; but wliieli may still hold 
for the a ray reactions, unless it be admitted with Hodenstein, 
that by analogy the same mechanism must Indd for both. Sec- 
ond, wo have the theory of loosened elect nms of Stark for whieh 
Bodenstein has made the assumption that the* light energy is 
retained after reaction and is imparted to other mnleeides, reii- 

^ TO. Wfirlmro* 
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doriiiK i.lu'in iicl-ivc. Wliilt* (lui't^ miiy bo Bomc (lucstion as to the 
prcibiibility of (his (lionry, it. bus (bo uilvimtuKo of very general 
applicability. In (bo folbiwiiig sect ion it will bo seen that Nernst 
bus propo.stal an .'iloniislic (beory to account for the bydrogen- 
obloriiie reaction, which is bused on purely thonnodynamic con- 
siderations, While it lias great probability for that spooific reac- 
tion it. appears to he inapplicable directly to the other cases of 
excessive reaction. W. (b M. Lewis has proposed a radiation 
theory which is disciis.'^ed in § TiH. 

'I’hi' cases in which large deliciencies from theory are observed 
liavc all beiai explaiiu'd up to the pre.sent by inunodiato reversal 
of (he primary reaction. In this sense, an acceptor Is a substance 
which combines with the ]iroducts of the primary reaction with- 
out allowing them to recombine among tliomsolvos. On the 
other haml. the adrlitioual condition must bo imposed upon a 
“suitable" acceiitor, from the slamlpoint. of pholocheuiical ciiuiv- 
ulence, Ibal if sb.all not by any other process multijily the output 
of the primary reaction. 

67 . Moohanism PropoHocl by Nernst for the Hydrogen-Chlor- 
ine Photo -Reaction. 

Nernst has reeenlly applieil bis boat tboorom^" to calculate 
the following beats of reaction; 

Cl i C! Cl, 1 KUi.tMlOcal. 

H I H 11, j HHMHlOcal. 

Cl I It, UCl i U ! 2ri.0(K) cal. 

11 ! t‘l. lll'l i t'l I HbtMMlcal. 
and U i Cl HCl 1 I'iri.tXK) cal. 

Krom (ill- Known aleoriilioii of clilurinc for light of dlfToront 
wave lengile< ji I'aii be ealfulated by the (luantiuii theory within 
what spectral region eliioriiie eaii bi‘ di.ssociafcd into atoms. 
The cntculalion shows tlmi (ids can be aceomplishcd by the 
wave Icngll I S,; lit rliliuil'al rninUiuntiou of hydro- 

l^c*n bimI i’filMriiit* bib! th** of thi* (‘xintcnc'c of free G1 

niuim for tb** td fltr phottwrnirlion in thcreforo 

riio liOBf of roiH'iiou thut IIh" ronibinution of 

n Cl nitmi will* n If, luoliritlf* :iiici thv mib^Kiunit Hplitting of 

tii-urti ttinfH*. I'l 
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this unstable product to lU'l and a five 11 af..m lake plaee wilh 
a large heat evolution, ami ilierefore in the direetinn id spnnla- 
ncous reaction according lo llie eliemieal free enei'g> . Moi cover, 
when a free II atom (just produevd by tlie rntvgoiug remdi.ml 
unites with a Cl^ molecule, we again have a n-m-linn td' tlie same 
nature. The Cl'utom lihiTaled liy flie hdler ivaelinti brings us 
back to the original system, and a cycle has item compieled 
which may reiieat itself indennilely, exivpl fur tlie cro'-s ri-aelion 
of H and (d atoms, and for the inliihilive ell'cct nf oxygen, which 
is assumed to remove, the free (d atoms from the liehl of aelhm. 
By this purely thermodynamic method NernsI explains flte multi- 
plied secondary reaction in a mixture of II, and t'l,, which 
accounts for the large departure from l':in-’lein’H law through tlie 
action of free atoim. In further support of I la* llieory, N'enist 
calculates that a similar roiitimmu.s ryeh* in ftie ease of hydrugeu 
and bromine is impossible, because ime of the .steps. Hr j II,, 
would not proceed spontaneously on aeeotml of a negative heat, 
of reaction, — If), 000 cals. And of course il is well kumvii fltaf a 
mixture of nj-|-,Bra is not light- .semilive at ordinary fempera- 
turo. The further aiipliealion of lids nr similar merhanisms to 
explain other eases of excessive aeliou has not itiru aUi tnpled, 
but it is not without interest to note that in llie oidv other two 
oasea where tins M/N value i.s as high a** Hi" iTablr Wli, we 
have halide and hydrogen present in the system. 


68. General Radiation Theory of Ohomical Action. 

In an extended series of invi-.xligalions, I.i wi-, mid Id.s cu- 
workers'"’ have proposed a radiation theory of i-h. ndeid aelion 
which appears to be of fundamental import smci* m eUiudeal 
kinetics, and which also has alTnrded nddiiioital coiitirmatioii of 
the applicability of Kinslein's law. A gein ral review of l.cwis's 
theory and his dcductiouB from it- is pcrliiicnt to the .Hiilijcrt of 
the present chapter. 

It has long been reeogiu?.ed that the usual po iiir-o fcmpiTH" 
turc coefficient of eliemieal renetiun, wliieli is of the order of a 

Lamhlo and W, C, Mc(\ Jowim. (*hrm. 

(1914); lOT^, 288-48 (lOJH). It. I|, VnUuw amt .Vi n? 

(1010). R. 0. QrimtU aad imt,, OT i,. 

700-816 (1016). Il, O. (Jrimth, A. am! iM , 

Lewis, md,f llj, 467-00; lOHriltOS ftPHs; lift* 4 VI P,,* u:*. 
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2 to 3 fold inc‘n‘nst‘ f{)r an ini (‘rval of 10" (I, can not be explained 
by the mer(‘ increase of kinetic eneixv ()f the rcactinp; molecules. 
It has also luuai raih(‘r #^(au‘rally assumed tluit the molecules, 
bi'forc* (lay react, must in stniu' way b(' arlwatcd, and that this 
})rocess is (h(‘ out* inlluemaal by incrt‘as(‘, of temperature. 

la 1880 Arrhenius'*' deduced a relation based on the assiimp- 
ilcai of a mass aetiou etjuilihrium hetween active and inactive 
nuilccides, of tin' lonu: d h)^ k/d T . A/l'", in which k is the 
velocity constant of eheinieal action, 'V is the absolute tempera- 
tuns ami A is luu* half of the enerp;y recjuired to change 1 Mol 
of inactive to nctiv<* nuHliiicalion, This formula liaH Bince been 
shown to hi‘ td very general experimental applicability, althoufx:h 
its thc‘ore(ical basis is no huigiT tenalde for the followinp; roaBons. 
d'he cimct‘ption td Arrhenius, or indeed any other theory that 
attempts to explain veloeity (d ri'aetion ns eontrolled by tempera- 
tuns leads directly to the eousidiTat ioti (d the elTeet of catalysts, 
ami that cd’ Arrhenius to the pnnliction that the temperature 
eoellieient shendd he diminished in a homo|>;enenus system by 
the* incrt'usi* of the tamcentratiou td the euialyst. This prcdic- 
iie)U has jml Is’cn tamtiriutsl by latiT work, includiuf^ that of 
Is*wis, who fotmd tlmt the teinperaturf* coefhi’U’ut of the rate of 
hydndysis of methyl acetate is indc*]H*ndent (d the eoneentratiou 
of acid. Heeent work of Taylor in the laboratory of Arrhenius 
luiH cast further dt»ubl uptm the i‘xistem‘e td ‘hiciive’* moleeAilca 
(in tin* sense* of ArrlnmiuHi. 

In HIM Marrelin*’* Irenteil the efifect td temiH*raturc on 
veltjcity t»f reaction as a pm*ely physical one dependt'nt on 
the increase of l!»e int«'rnal enemy of the reacting molecule, 
and arrived at a formulation Himilar to that td Arrln'nius: 
d l()gk/ilT K ITTh i!t \vbii*b K is defmetl as the critical energy 
that must be ab'sirbed bv I be luolt-ciile to nanltT it active. Ltavis 
HUggests that M be eallt^l tlie rrltiml inrrvwvnt tt) empliusiza 
that it m the energy that intist la» uhsorhcnl by the acti- 

vated molecules nbovf^ tii«^ average energy possessetl by all 
mcdecuteH, 

bus deveh^ped in more exact mntbematicnl form 
the same equation: d Ingk/tl'l* 1/2(HT) I/ITP, in 

Arrlp'ffiasis, /ro t'hr-m , 4. 4S tlMSin, 

**fr S, I'jiilMr. I rfr«#t,o|»®vs4»38| X«». 3* <UU2l. 

la Sslafirllts. f riTfKsf I l8*i illiiille 

lllrr, strp /an, « IlUfo. |.. nvil. 


which V is the mojin value ef the poftuitial i»f thi‘ mole- 

cules and is the critical vahu* which must he nttaim*d before 
chemical reaction ensues. Rice’s fonnulatiou was usiai by Lewis 
in the development of tlu! radiation theory applit'd in laitalysis 
and later to chemical action in ji;en(‘ral. 1'he applitaition to 
catalysis has been adopted and (-MplairuMl by Uidc-al .and 'fay- 
lor.^^ 

Lewis [loc. cit.) a<Ivun(*e.s th(‘ hyp<>lli(“-is that the tmerjiiiy 
increment is imparted to llu' nujhaaile by na‘aus nf infra- 
red radiation, and tlint tlu! ICinsItan Law is applieabh* to 
the energy al)sor])tioTh ^Pla^ energy increnn'iU can l>e calcu- 
lated directly from tlu* tempernlnn* cnellicimu , ns h>!h}\vs: 
logic, I/iiOS). Ktw the hydroly.is ui methyl 
acetate the coeUhncnt fora lO" interval at ordinary temperalure 
is about 2.5, from which M is cnlctilatetl (ii be Ui.HtH) cals, per 
g.mol., or 1.03 X l(L‘“ergs p(*r singh* molecule. From iMn-HtrinV 
law Lewis calc.ulates that, for the infra-red r;uliaii«m nf h 7.5p 
for methyl a(‘etaie (Lohlenlic hv should be s: 10 ergs, 

or that 4hv slumhl sutnee to furnish tin* rc*quirctt ema'gv Iv ( 'on- 
AWscly Lewis has calcuhiitMl frc»m tin* velocity of tin* // inn 
(electrolytic,) and its probulile fret* path that it \Mtuld hH\‘c a 
vibration freciucncy falling in tin* regitm of the kmnui aieairpiitm. 

Lewis’s suggestion (hat catalysis is in general n radiathm 
phenomenon is HUiijHirtcd by tin* theory td ’Lraut /. ' and laha* by 
that of Kriiger,''^ who Hlunvc«l that tin* pniri--r'. of -ulutiom 
solution pressure, sohihility uint (‘letUndyfic di- uriaiit.ii can be 
explained on the basiH of rndiatiom which in turn can bt* rdatctl 
to the dielectric (umstanl of the solvent. Accnrdmg in l.cwi-Hs 
conception the. function nf a catalyst i^ to aliMwIi iUv infm-red 
radiation of the chemical system and to tran'^fer iltr ein*rgv to 
the reacting molecule. In this ^en^e cutaly^jH i- ruiimflv Imt a 
special ease of chemicui reuetioiu wlierc the alc niptmn accnni- 
plished by the catalyst inst<*ad td by lite rtaiinig Htib’^ianci* 
itself. All reuctiems taking place in u Milvcnl iini4 be regarded 
as catalytic. 

A still further step linn been taluii by I.ewe. thic. riij in 

MO. aidoftl and If. H, Taylor, "Onlanislss in ‘rarmry asiti |a « « ‘ i lnun 

P. 58 €t BCQ, 

W. W, ( oblrnljt, Ibtli, (‘iiriia'Kti* nesi , noi’”. 

Trains?, y.rlt tHm. rhat,. 4. nia i IIhmo 

"Mt. Kril^rr, mvktr»ihrm, 1?, UlUln 
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tpplyiiiji: Uy (licory to \iiu‘;it alyziul liomof^c'iu'ous ^ur reactions, 
■;(ri('My, law is applicahl(‘ only when n (index of 

•ofrat'iion) 1, whieli is Ina* only in tlu' ease of ]2;ases. Lewis’s 
lu’ory applies \o l>iinoit‘etilar Inuno^eni^ons reae, lions of the typo 
>111 n, I I;, with a fairly piod a)j(rei‘nu‘nl with the Einstein 
aw, I letenannietais leontac-ti eatalysis ean also be explained 
)y Lewis’s (henry on the ha^is tif LanMinuir s hypothesis regard- 
the spaeial di>( ribul it»n ol nioloeules and atoms at the intcr- 
ata* bi'iweim two jiliareN. 'Lla* eiiei^v inerenuail is lowered at 
he eontnet stu'faer, wliieh is in aRreeiuenl with the lower tein- 
a*ra(tirt‘ rorjlij’ients of laMerojLa'netms ehemieal rcaietions. 

Lewis has naTUfly pninte«l out the anomalous ease of mono- 
iinli ciilttr lionioRt-neoih: uas reaetions, which dilTer from the bimo- 
l(‘t'ular reaetions in (he prommneed failure of Einstenn’s law. 
riie value tjf i1h‘ velneity enieUaut for flu‘ rate of dissociation of 
iMI j cihserve*! by dVatU/ and Hhaiularkar is abtjut KF greater 
[ban ealetdaied ly* Lewir- iroui Einsteiiids law on (he nsstunp- 
ion of etinf iinanr-^ ah nrpiinii. Ida* tliseontinuous ul)sorption the 
list‘r(‘panrv bemmev Hill greater. In view of the approximate 
igreement for bnuolfeular n-ai’tions this great (U‘partiirc for 
uuni»nM*lec’ular n aelnai e jdl the more uolulfle. 

Ibdy ha appht ti fhr » plant tun tlietirv fo speet rosenpie. and 
luorese<‘nt phenomena, An nrtlmg lo his tla*ory a imth'iaile may 
ih^orh radiation h\ «|Uanfa of a given fretpiency and radiate a 
larger number oi ipi uita :e a le adt of ehetnirn! nriion at a lower 
rrta[Ueney. t lit inn .d aefam. e\ee ^ive from the standpoint of 
Einstein’s law, ran then be « xplaiiu'il by re^nhsorplion of ibis 
infernal radsatiom a prota - that will rc’-ulf in further ehemieal 
letifMi that imu be mnhiphtd to very large ([uantltie.s from one 
[Uantum pnmaiii\ ; b oibed Itidy proposes this i‘xplunutioni for 
ihi* largt* e\ri ’ t*b jrud m ?h«^ thermal cieeomposition of phos- 
phine and al-o lor the pIjM^erheinn a| dt'roinposition of hydrogen 
penixidt' and ladlol^- i- of arelone/''^ 

If I^honlil be imiilionrd that Perrin""' indepemienily arrived 

I Ju^jSfa *■'?,»«« ,*'i »#r 'SH, I {nUr*l. 

^w, r vto’ t . rhu :u »noo. 

*■5 M “Irnssi? H nil, .*3i«r»sa: .it /»3f t hrm /WJ, 0**1 (UUO) 
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at a general radiation theory of (dioinical acl.iou wiiich ia very 
similar to that of Lewis. 

The type of radiation that i.s involved in Lewis’s (henry i.s 
very different from tlie. ('ori)n.s<ailar forms llia( are (I’ealed in 
this monograph and also from those of (he usual pliotoeliemieal 
effects. In the infra-red absorption the energy ineremeiit is not 
a largo fraction of the ehemieal energy of the reaiUion, whereas, 
in the case of the oorpuseular and pholocliemie.'d raili.af ion elTeels, 
the energy api)lied is usually largely in e.'cee.ws of (he net ehemiiad 
energy involved in the reaction. 

With reference to the emission of infra-red rmliatioii hy chem- 
ical reactions, tlic recent work (tf David"' slnadd lie cited, who 
has shown that the explosive eoinhination of o.vygen with coal 
gas and with hydrogen results in the emission of railialion of 
wave lengths X = 2.8|i and 4,4[i. Although the teinpcratim? of 
reaction in the experiments of David is estimated at 12(H) lie 
is of the opinion that the radiation is due to the clii'Hiicfd a('tion 
and not to temperature effect. 

Further contributions to the; radiation theory of ehemieal ac- 
tion have been very recently nnuh- hy Langimur."’ Uidenl,"-' 
Lindcmann"* and Tolman."'' Jaingmnir makes .a fnnd.amenta! in- 
quiry into the basis of the radiation liypotliesis of chemical ac- 
tion and concludes (1) that it has not been salisfuctc.rily detmm- 
strated that the radiation einitte<l hy a clainical aclittn, as cal- 
culated from tho temperatures coenieient, falls in (he ahsitrption 
region of tho system; (2) that (he total radiation is not nearly 
sufficient to account for cliemicai activation and that (he radia- 
tion hypothesis is untenable. lamgtnuir helieves that the in- 
ternal energy of tho molecule is the ultimate Hoiin-e of its acti- 
vation. Lindeman points out fas diM's fatngntuir aLoi that ac- 
cording to the radiation hypothesis tuaay reaetions should he 
photo-sensitive which fail to exhibit this enfeef. 'rolmaii adopts 
the view of Lewis, Perrin and Mareelin that the similar form 
of the Arrhenius eejuation and tin' W’ien radiation law jtisfities 
the radiation hypothesis of eliemieal action. 'r..lmnn employs 


Lona,, 211 , 875 ; JProo., 85 , 587 (lOlU. ^ 

«Brlc K. Itfcloal. Phil Map, (fl, 40. 40141 niW, 
rjndf^mantt, ibid, (fl) 4ft, mn 
p, C. Tolman, /ifw. Chm, 42, 
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tho iiriiiciplfH of Mlidinticul mi-i-lianicH ft» lU'vclui) tho Ricc- 
Mam'liii ftiimlinii mtil also makes many ather applicatioiw im- 
portunt, to eliemieal kiiielies. Uideal cmployH a, funmila of 
Langmuir ami Dusliman to (levelitt> the efpiatiuu for velocity of 


ilu 

reaction: hi , in wliirli n in tin* muuher of molaeuluB 

rcHcting per B(*ron«i, v in tlu' frtHiUiiicy, and all other Hyrnboln 
having the nnunl inniniug. Ajijilyitig this to (he (U'cnniiumition 
of tht' vtdochly eonstaiii is eahnilafiRl to he 3.r)XlO®, the 

Bume onler of nmgiiittnle m that olmervetl 10.2 x 10 

Daniels and Joltnstou have recaiitly invesUgaU‘d the ther- 
mal and photniduiniral derMniposit ion of gaseous N^Og, The 
thenunl niiitm is luoiaaiiolendar anti pntretHU at naan tempera- 
ture. The ent ieat int-niiaiit as enleulaietl from the UiupcTatura 
of the velotdty t»f th roniptmitam is iialependent of the tempera- 
ture. Its vidut\ 24 JtMl eahtnes, indieales aeetirding U) tho radi- 
ation theory that the n-aetmu shoulti he ratalywl by light of 
wave lengtli I.Uip. riitiftiehnniriii mveHtigaiitm failed to eon- 
finn this pnshetion. taghi in the regain 400 4tl0p(i iloes aecel- 
ernte the tietaiiiipu^^itain, hnt only m the prenenee of ND^j. The 
interesting Ihenry prupuned tluit the ralalytie effect of NDg 
is due to its ideiiirp! loll tif blue tight over a wiile spectral range 
and that tliroiigh llnMr«“.niiirr. radiuiam emitted in the infra- 
reel region where its ahsorpfioii hues romride witli those iif NgOm 
causing dmanpofoimn *4 the lidfrr. Kxi«*rimenlal evidence uf 
tlie iiciiiid IhiMre^rna's^ uf ihr* Xl h and iif the deeomiHisition of 
NgD® hy riidiaimn in iJh” infne’ml region riiiiiiini to he obitiiuiHh 
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Posith^o. PiiyH and K't'i'dil Ainms. 


69. General Nature of Positive Rays. 

In 1886 it was olisorvcd by ( Itililsifin “ flint if lit- used a. per- 
forated cathode in oxiuninhiM; eleelrienl diselmrRe IlimuKli air at 
low pressure, liiminiais bemn.s of rays eimld lie seen fmver.siiij^ the. 
space back of the cathode, i. r, on the side away from I lie atiode, 
which apparently came, llinmgli llie eliaiinels in the ealhode. 
On account of their mode, of I'ormaf iim or deiuoie-lrafioii (lultl- 
stoin called them ‘Vanal’’ rays. II. lia.s since been .•'liuwn flint 
they arc the positively eharned (caseous ions wliieli, al. low ga.s 
pressure, attain sullicient veloeily lowanl the ealhode or ne)j;a- 
tivc polo to carry them thnniKh the perfornlions into the space 
behind, where they can he. observed by means of pliosphore.Heent 
screens or by their action on the pholonnipliie plate. 

In 1898 Wieu“ demonsirateii the delleetion of the eatinl ray.s 
by a strong magnetic Held. Since this time ,1. .1, 'riiomson-'’ has 
conducted a scries of investigalioim wltii-h have re..tilie(l in dis- 
coveries of the greatest import anee bolh to phy.-^ies ami ehemis- 
• try. It has been recommended by 'riioni.son * (hat the more 
correctly descriptive term, jitmlin- <»/ l Ui h ivitu, be used 
instead of camd rays. 

Thomson'^ has elabornled a teelmiiiue to delerniine by ineaiw 
of doflcction in a combined magnetic and eleelro-intie field the 
c/m value of each tyfie of positive ray. The elfeets due to the 
superposition of the electric and magnetic (iehb ^.^mntt!meottdy 
applied have been unulyKcd by 'riiiiiiison in (be following way: 
If the forces are applied parallel to the axi.s of the y ami x 
deflections of the particle arc given by the two eipiations: 

MfiGQ?' HUzb, Aknd, IlMrUti, |». mU , lil. *IH 
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r/uiv.A uiul z r/mv ’.ll, in which A uiul B depend only on 
Jie slrrii^lh^ (il tie* uuif^iirtic lunl eleelrieal lields, renpcctivcly, 
xwd lh«‘ <liNtance i»l tht‘ pnijtrtinn I'rom (he point of delloction, 
and can ho nnuh* ctm-tatd Inr a ^ivi‘U (‘Xpta’iuieiil,, In the absence 
of any liohl alt jMi-itivo ra\> wuultl pass through the narrow 
apertui-i* in (la* radindi* arul ho nronhnl on the pliotographic 
plate at (ho >anio .-pni \ 1, (ho di^tanee of (he plate from the 

Houroo. rnthu' the crh‘oiivr aotaui nl tin* two forcen the particles 
are s>r(od otil and no tun .-'tnlu* the platt* al. tht‘ same spot unless 
they an* nan tug uph (ho -aino vrluoity anti luive the same c/m 
vnhti‘. Bv cuiuhinuHf, tlso twn otjnutions just givtm above wo 
have: V v// H/A anil o m \ -/t,l\/X\ 'Hie first shows that 
x/t rtuouanf Inr all pjiriirh - innving with a given velocity v, 
no mattti* uhat thoir rhamr nr iua>'*^ is. anti, llu'refore, will all 
lie till fhi‘ |»latr iu a traudu line pa rking (linmgh the undcvllected 
pn>itinn nl tht' p iMn h Hio M t’iitui eipialitui shovvs that for 
the >anio hind ni p uli. It , \ // r- t niiUant no mattia* what their 
V(‘hH'ifv; laiar. all p.iifa lr tO fht” sune kilul will (race, on the 
pinto a pal dinl.i uifh P \ at file uiMlelUrted posilion of 

the paria h 1 h p.u.d.nij uill ic-pir-ent a dilTertait kind of 
parliole, dhe punt ipl. 1^;^ hi a n n-oil hy 'rhoinson and his 
rn \Vf»rkii a a iutihnd nl pn Pur niV analysis, which Will ))C 
dt^MU'ihod in the paiMwnni, -ta-Unn. 

60. Tlitpn^nn'i Method of Po^itiva Eay Analysis. 

Hiuiio nif- « \p» run* nf .d niriliml hn^ U vn very fully described 
iu hot *‘U u- ^ m! I’m Ur i I Ivrfsiriu 11ie liPt'st nuHlUication 
Ilf the !ipp.u.Pn-, utinrd tiia--. -prrf roumpln hus recently been 
lhnrnui.tliU d-tuh-l lo. thily a few of the most 

iuipntt iUsi r\|ii»unp!i? -.1 I* Puj'.": u ill hi* iniiP 1010*11 iit‘re before 
passing <»n a « ttn rl* i .tr.n n! fla* ri*^ul!s, A vt*ry large 
.Hphrrnad Indl* u*s» un- dir .ur-u r i r- »•■illploy«”d for the discharge 

IrlWi-rU th*' a.lr-h .Ui-I « .Pla»|r 111 utdvt to lUVor tlu* pUSSUge of 

rurriilt at h^i\ pir- -ufr \ ulaat aiifioallHidc is Uscd wllicll 

hiiH fhr a.d'. .iiP ■■ min- duhU and i4 giving tin tlisturhillg 

X radiatiMU I la r.p'hMdr \iilurh give direction U> the 

liealii nf pMUfr.r r r. aia- id iHluHnnnini 2 inur long ami 0.05 mm. 

Wld«« Th*’ -p.ar ln'^-%\rvu 1 hr dP a tU I IIU. lolig IS Ucjlt Ut thC 

* F. IV. laC J.I, -‘-r *** 
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highest posaibk! vamnn by u side tuIie of ebanaiMl immersed iu 
liquid air. Ihiyond ilio slit .'<ys(em i.s Ibe eleel ideal Held, 200 to 
500 volts, botwooii two Hat brass surfaces 2.H mms. apart and f) 
cms. long. Beyond the eleelrie.al liidil is llu' magimiie. Held in 
■which the rays pass between tlie pole pieei's of a large DuHow 
magnet of 2500 turns, the faces of whieli art' eireular, K ems. iu 
diameter and 3 mms. apart. 'I'lie ettrreul- for the magnet is pro- 
vided by a set of largo aeeumulalors. A current, of 0.2 amporo 
just brings the It lines onto the ])lale, while 5 amperes just 
bring the singly chargetl Jig lines intti view. 'The camera cham- 
ber is provided witli a special plate hohler arranged sti that the 
plate can bo shifLed for sevt'ral ilifferent exposures without, open- 
ing the chamber. Kxpo.sures from 20 .seconds for the II lines, up 
to 30 minutes or more are retpiireil. The ilischarge iu the large 
chamber is maintained by means of a large imluction coll with 
a Ilg cual-gUH break. 100 to 150 watts are passed tlirotigli (he 
primary circuit, and (he liulli itself takes 0.5 to i.O milliamiiere 
at 20,000 to 50,0()() volts. 

The nKuiHurement of the plmtugrapbie pl.ates to detennine 
the mass of the positive ray.s is made by means of a special 
comparator capable of measuring in two direct ions, 'riieoreti- 
eally an unknown niass may be determined from um Known on 
the same plate, but practically, greater aeenraey is obtiuiied by 
bracketing the unknown witli .several known lines just, ns in 
ordinary s])uetral line measuremeiils. 

The iiliotcigraiibie method iloes not yield an insight into (he 
relative quautiiie.M of the ilifferent rays. 'I'lii" has been aeeoiu- 
plislicd by Tliomson by substituting for (he eaiiiera a Wilson 
tilting eleetro.seope to determiiu' the total iharge under (be 
following eouditions. The condeiiser into wbieh ibe positive ray.s 
are received is provided with a parabolie .slil, whieb in principle 
might be moved to any part of (he lield to admit ray.s of a given 
mass for quiintitative. measurement by memts of their charge. 
Instead of actually moving (be slit it i.s madi- .siatiouary and the 
rays of different masHes are sueei-ssively brotigbl. to it by varying 
tlio magnetic field strengtli. 

Thomson has delenniued Ibe various types of ions wbieh are 
produced in different gases. The variety of ions for a given sub- 
stance is very large compared with eleclrolyiie ioiH, tVrtaiu 
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very useful hi (letenuiiihiK wluih luiiss is ropresonted by a given 
in/e value. MuKiple eharge. is found only in the ease of atoms." 
Moh'i'ules either of eleuieuts or of eonipoimds have not been found 
to be nmlliply eliargisl with eiliier sign." The heavy atoms show 
niull.iple eharge to a higher ilegreo than do the lower ones. 
'I'lien* is HO upparent n'latiou bel.weon the ehoinieal properties 
of (he element., sueh as Valence and the lunuber of charges. 
Mercury can have as many us eight charge, s, oxygen, nitrogen, 
and neon (wo; hydrogen never more than one, which is the only 
element examined for whieh no nmltiple e.liarges have over boon 
found. 

61. Isotopes of Neon. 

As lau'ly ns 1(112 'rUomson obtained some evidence by the 
po.'^ifive ray method of the existence of particles of mass 22 in 
neon ga.s. Aston’ has recently (letcrmiucd tlic muss spectra of 
neon hy the po.-itive ray method with an accuracy of 1 in 1000 
parts. 'The measurcmciilH show conclusively that neon consists 
of (wo but opes of masse.*< 2(1 and 22, in the, proportion of about 
nine of the former to one of tlie latU'r, which accounts for the 
oh.'icrvcd !i(omie weight. 20.2. There is also a faint indication of 
a third isotype of ina.ss 21 in a proportion catiinated as loss than 
If tlii'< ihirtl isolope proves to have real existence it will 
cons! tint e a very intere.sling etmtinuation of the system of triads 
like iron, niekel nini e<ilmlt, which was predicted in 1895 by 
Hi-yiioltlH," purely from analogy with the three other well known 
groups of triasls. 

Attempt.'! have been made by I.ilulenmnn and Aston** to 
separate the two moililiealions of neon hy fractional distillation 
anti by fratlion.al eliffttsion thnnigh pipe-clay. I.atcr Jjindc- 
mann iUm iihh-iI the thi-ory the separation and decided that 
the negative result ohfuiiied Was the one to have htxm expected 
under the lAperintfUtal eoiidilioiis, in the case of fractional dis- 
tillation. 'rite fractionii! tlilTushm rcsnltcd in an apparent differ- 
ence tif ilen.*«ity of ahont (I.T'k, while an automatic method 

* ift j»r ««f kwrim ajiiJ tlliwn. (R VV» Aston, Phil 

Mm- 

« r. w. phii. HU uu, (imn. 


started in 1914 pjavc a difTerctiec. of only O.-i'/o. It cun therefore 
be said at the present time that lln; dilTnsion melhod in tin' ease, 
of neon has given positive, n'sulls Iml. the dilTereui'es are too small 
to be conclusive. 

62. Discovery of Other New Isotopes by Aston. 

Still more recently Aston" lias exlt'iided the i^eareh for iso- 
topes by the positive ray method to other (‘lemenis. His invesl.i- 
gations have yielded results which, while nbsolulely astounding 
to chemists in one sense, must he regarded as Iiaving been fore- 
shadowed by Prout’s^- hyiiolhe.sis more than one Imndri'd yi'jirs 
ago. At the time of writing (Hei.., 1920) laghleeii elements have, 
been examined by Aston with llie following n-snlls. II, Ih', 

N, 0, P, r, and As give, a pure, mass speelrum indicating hut, 
one isotope, as would he ex|iecled from their whole numher 
atomic weights. The results for the other elements can he seen 
in the following Table XVI 11. 'I'lie case of bromine is of par- 
ticular interest. Although its atomic weight (79.92) is (piite clo.se 
to 80, there appears to he no isotope of the mass HO .at. all, hut 
two isotopes in almost etiual (luantilies of 79 and HI. 

As the atomic weights of the elements increase it. liecotnes 
more difficult to get a definite resolution of isoloiies of ma.s.ses 
differing by one or two units, siiu'e the percentage ditVereiiee is 
small. The wliole imnilnT ruh' on the liasis of () It! has nut 
hitherto been dejiarted from in any ease eseept, hydrogen. 'I’liis 
may be related to the abseiiee of electrons in the hydntgen 
nucleus. At auy rate it seems very well esialilislietl that tlui 
departures of the ordinary atomie weights from unity is to lie 
accounted for by a mixture of whole tmmher isotopi-s. '[’lie 
occurronec of i.sotopes ui)penr.s to heeoine more e<immon among 
the elements of higher atomie weight ; niip.arently, lluTe are more 
oomplex than simple olenumts. h’lie inlluenee this is likc-ly Itt 
have in practical and theoretical clieniistry has l)een expressial 
by Aston (loc. cit.) as folU)WH. “The very large number of dif- 
ferent molecules possible when mixe<l elements unite to form 
compounds would appear to make their tla-oretieul cheinislry 

«li’. W. Aston, Wnluco, lOn; ji, 8; p. THd ; pp. niT-Ill ( ItiUtn. rhil. ,U«o. (il) 
80 , 011 - 25 ; 40 , 028-84 ( 1020 ). 

"W. OHtwftlil, dmmlrlBs d. alli/mrtnrn rlirmln (ISlMti, p, •11. S. J,, IUko- 
low, “TlicorutlciU and I'liyKlonl Cliomlstry" (1012), p. 87. 
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TAUr.K XVIII 


hototirs of llir (irdhutrij Elnnenls According to Positive Ray 
Analysk by Aston 


Hlvnicni 

Ah^niir 

Xiittihrr 

A 1 tunic 
\Vi ight 

Minimum 
No. of 
isotopes 

Mass in the Order of 
Jntemity 

n 

\ 

1 xm 

t 

1.008 

Ifo 

*> 

** 

a.ih) 

1 

4 

u 

r. 

1 ().*.) 

2 

11,10 

(5 

ti 

12.(«) 

1 

12 

N 

7 

II .01 

1 

14 

() 

H 

Iti.tK) 

1 

1(1 

K 

It 

Itl.tK) 

1 

19 

No 

! It) 

20.2 

2 

20.22, (21) 

Hi 

M 

2H.:i 

2 

28,29, (30) 

1> 

; ifi 

a 1.01 

1 

31 

H 

If. 

•; 32 IW 

1 

32 

C'.l 

17 

; afi.K) 

2 

3.5,37, (39) 

A 

IH 

; atl.Htt 

(2) 

•10, (3(1) 

As 

.’id 

: 7100 

1 

75 

Hr 

35 

70 02 

2 

70, 81 

Kr 

X 

ail 

j H2.02 

t b 

84, 80, 82, 83, 80, 78 

- Tel 

1 iao,2 

1 

1128,131,130, 133,135) 

hk 

Ht) 

2(K),ri 

i (1!) 

(197-2()()),202, 204 


uhnti?il lii«iu-Icf 'ly lull- if. as smns likely, the sepa- 

ratiiKi nf iMif ii|ii's mi siiv reusmialile seule is to all intents 
impnsHililr. Ihi-ir prartinil rlieiiiistry will not he. affce.te.d, while 
the whole iiiiiiiher rttle iiilrmhiees a very desirable Hiniplifieation 
into the t hi'orel leal le'peels of mass. 

't'la- utiempfs of l.mdeiuaim and Aston to separate the two 
modilieal iou*< i*f ui'oii have already htaai referred to. A number 
of experiuietils to this eiol have alreatly been carried out with 
other eh-nu nls. and doubtless in the future we may expect much 
activity in the s.niie direelion. It- also appears liiKhly dc.sirtd)lc 
that a series of very aeenrale atomie weiRlit determinations 
should be tnatle of the complex eienamts from different sources to 



portion. 

No attempt to separate is(itt)p(ia has as yiit been coiieUiMivcily 
successful. In the e.aHO of radioactive and ordinary haul, Rich- 
ards and HalP“ obtained wholly m'gativti rc.sullH by th(> u.se of 
fractional crystallization. IlarkuiH and bis co- workers have 
been engaged in the attempt to w'parab! ehhirine. by dilTuHion 
and have obtained encouraging though not finally ijosil.ive rcHults. 
The theoretical aspects of the separation of chlorine by various 
methods have been the subject of mneh reeimt discussion.” 

Bronsted and v. llevosy’" report tlu^ separalion of ineiaairy 
into two fractions by distillation, one having a densil.y 0.!)S)1)98(), 
the other of 1.000031, e.ompared with that of the original as 
unity. 


63. General Properties of Recoil Atoms. 

The treatment of the elKiinieal action proilnced by la'eoil 
atoms docs not fall under the title, either of a parlicles or elec- 
trons, but since the emission of a radiation and, to a much smaller 
degree, of [1 radiation is always uccomiianied by recoil, and since 
it has recently been shown that the rcc.oil atoms are capable, of 
producing chemioal action, it ai)pearH appropriaU; fo treat the 
subject briefly in the present monograph. Before proceeding to 
the chemical effects it will be necosHary to consider tin; more 
general characteristics of recoil atoms. 

When a radioactive atom oinits an <t purti(>le in a given direc- 
tion the parent atom, or atomio rc’siduo, receives an impulse in 
the opposite direction, which has very aptly heen termed rami. 
The atom receiving the recoil is tornu'd the recoil atom. Iba-oil 
atoms were first studied by Miss Brooks,"* by Hahn,*" and by 
Russ and Malcowcr*" as a means of seimraUiig (ho recoiling 
radioactive substance in a pure state. 


( 1017 )^" <foum, Am^r. Ohem. Hop. 80 , 8.11 <11 

D, IlarUlns, iRToimioe, 61, 289 (1020). 

”■ *'“'«»•<>, ton, 104 (1020) j W. 1). Itarklim, 

A. £ X ml, ion" 882.^'"'""’ ’ 

^^3, N. Bi'Ouatod and (1. v. Il«vtmy, Nature, 100. 144 
ri. T, Brooks, Naiuro^ July 21, 1004. 

Haha, Vorh, dmt. phy». 11, 66 (1009). 

Rubs and W, Makowor, Pr&o. Roy, Roq, 82A, 206 (1009). 
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Huth(‘ric»rtl lias shown (hai when a ])artiolc of mass m is 
with volncily V from an ainin of mass M, the residual 
atom of mass M m na'oils with a veloi‘i(.y V, aiuairdhifi; to the 
rcdiirum (M nn\ mv. In tin* east* of Ra A of atomic woip;ht 
218 (daldt* li llu* «*x|m!sion of the a particle of mass 4 at a 
\H*Ioeiiy of 1 .82 x Hf eins, see. ‘ results in a rei*oil atom of H.a B 
with H v(*loeity ol liA x )()* ems, see. h 'Phis vt^lociiy is sudicient 
(o ioni/.e a Kas in which the recaiil radiation takes i)laeo, as 
lias l»ei*n shown hy Wert east i‘in."‘‘ Tin* vehx'ity and kinetic 
eneri^y of (tu‘ recoil atoms may he eahadidtal to be about 1/50 
to !/<)() that of tht‘ eorrespondiiu!; (4 partieh's. "Phe fraction in 

each «*ast‘ is etpial to -i 

Werlimstein/*^* in the laboratory of Mine, (-uric, has made 
th(‘ most exh.austive invest ip:at ion of n^eoil atoms yet under- 
talum. lie has ndh-d the recoil atmoH from Ra A a particles. 
'riu‘y have a raime in air at utmosplu*ric pressure^ of 0.14 mm,, 
nml in liydro^en of 0H8 mm, Hds ranfi:^* in air is about 1/350 
that. t»f the it jiartiele; and since the kinetic tau'ri^y of the a par- 
tich* is 1/50 that of tin* u p.niiirie, it is ewident that tlu^ expendi- 
turt* of energy hv the (t parliele is ahonf. seviai tiuu'H as p;reat pc^r 
length of path a^ tlml of tin* a paHicle. 'Phis iloes not mean that 
the ioni/.ntion is ^vwn as great, heeause tla* proportion of 

energy expended ni prodmdng ioni/4ition is somewhat smaller in 
the ease of n pariich -. but Wcrteii^trin finual that the ionissation 
prodneed by u partielr^. itmaneH in mitximo ahouir Pive times as 
great as that of u particle‘s rner the HJina* patji. 

lids knowledge of n cifil atoiiH will snlPs’e at Icaist for a pre- 
liminary stir\« V of what m.ay ln‘ expected if tliey procluce chem- 
icad iirtion in aiivflunu like the "^aine proportion to their ionizing 
powers tliaf II parted*-^ do. I1ie two most prominent properties 
to bo kept in mimi are their \ery limiteil range and their great 
infiiisify of niimn wifhsn that range. In a vessel of infinitely 
large Volume in which ihr u, particles wonld expend uU their 
energy in the .^V’^eiii wsllioiii striking the walk the coinpuru- 
five efTeei of the rectu! atom^ Would 1h' less than 27e, or very 
K, n. sHr Hfjil 'rh*»lr Itaillailtini” (1013), 

{c t f li 

W rS! f * 8S®S»-Iss. I r« ICAT <11*1 in 
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small. On reducing the volume or preK.sui' 0 , tlici eflocdi of the 
easily absorbed recoil atoms remains constant, wliile the a par- 
ticles expend part of their energy in the wall, wliich part was 
shown in Chapter VI to bo ineffecitive in i)roducinK chi'mieul 
action. As the volume is further diminished the; a i)arli(d(vs 
have still shorter paths and the effect of the rc'coil atoms bceonu's 
relatively greater and greater. In very small vohimes and at 
low pressures it is evident that the ionizing and ehemieal olTeets 
of the recoil atoms would excecnl the elTeet (}f (i particdi's by sev- 
eral fold. That this is exactly the ease found experimentally with 
respect to ehemieal action will be shown in the following section, 

64. Chemical Reaction Produced by Recoil Atoms. 

In § 43 tlic influence of the size of the reaelion vessel on the, 
rate and extent of the combination of hydrogen and oxygem in 
equivalent proportions mixed willi radium emanation was dem- 
onstrated. The general law found experimentally and based in 
principle upon the average ])atli of tt particles in the reaction 

vessel is for spheres: log P/Po/ 1 1 ^ in which 

Po is the initial pressure of electrolytic gas in min. of llg, P the. 
pressure of the same at any time t, M„ is lli(> inili.al (tuuntily of 
radium emanation in curies, expresses (he rail* of di'cay of 
emanation, and 1) is the dianuder of the splimncal re.'ietion vessel 
in cms. The exiiression was shown lo hi* true for spheres willi 
diameters up to about 10 cms, contaitung electrolyde mixture 
not exceeding one atmospliere pressure, On attempting to apply 
the kinetic, C(iuation ropresented by the left hand side of tlii! 
equation just given, to the ease of u spliere of diameter as small 
as 1 cm., it was found that a velocity constant etaild not be 
obtained as in the case of larger spheres t'rahlc- XI). 'Phe 
experimental data of Lind “ are sliown in 'Pahh- XIX for a 
sphere of about 1 cm. diameter wldeh should have, ueeording to 
the general relation for larger aplieres, a value of veloeity const ant 
(kp/X) of 90.4, but, as will be seen, the value of Uie lirst measure- 
ment was 104.6, which rose as llie reaelion progressed to a value, 
of 220.5. If the velocity constant be ealeulated for each separate 
interval, as explained in § 45, the rise of the fkp/ld' becomes still 
more marked, as may be seen in the table. But I he f line intervals 

C. LluO, i/Qum. Amrn Vhvm, »l), fiaji (iimn, 



n- li'ti lurgi'. 'I'll uvu'ul this, (’\irvc 1 in Fip;. ^ ’wns plotted 
'itli .'i'- nnliioil I's ami (iitic as aliscissii'. 'Plu; ititcirpo- 

iloil valufs til 1’ ill 'Talilf XIX wove lliou taken from tlic curve 
rom wliieli llif valiir" nf ik|t 7.)' in tlie last column were cal- 
ulalril. (’uvvf la in Imk. 7 sluavs llic cimrso of tlio normal 
ressiire iftlufi imt liy n rays aloni' in larger vcsscIh, ua calculated 
rum lliu niiii-tal itiualiun. 

TAJU.K XIX 

•'.Iji ft I'/ /i'ii ‘'i7 Alxiii:: ill /ViK/in ntj/ nil Ahiuirmal Rata of Com- 
hiiiiitinii ><f II jitiniiii II tiiiil IKriiiloi in n t^iiinU ^i>hcrc 

Vul. tl lTtlf e. 1 >iam. (l.lHi lT cm, M„ • ().04 234 curie. 

Xiiiuial kp/i'. U().‘l. 


Aiiiiiil Ihthi ' JntirjiolntrilData 
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19.5 
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14.0 
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9.9 
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9.0 

7.5 
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3 
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12,0 
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535.1 
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;i|IJ hLiT 

Uirf lii«’ 
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ihty 

mliMi’rvril fijr the 1 cm- 


.-pin rr i xiski l« ;u ■ .•Hill. .! '..I !.v i!ir artiuii uf recoil ntimm added 
tu tliai id H juMi- !• '. fk' s.illimmK analysis of till* roHulta waij 
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made. If 90.4 is the normal velocity constant for ot particles, 
180.8 will represent a velocity where the action of recoil atoms 
is just equal to that of a particles under the same conditions. 
By plotting the (k[x/X)' values from the last column of Table 
XIX. as Curve 2 of Fig. 7, it was found that (k[.i/A)' becomes 
equal to 180.8 at a gas pressure of 118 mms. At any other pres- 
sure the proportion of chemical action being produced by each 
type of radiation can be estimated on the following basis: 

1. That the chemical effect of the recoil atoms remains con- 
stant down to a very low pressure at which they also begin to reach 
the wall in large proportion without being stopped by the gas. 



Fig. 7. 

2. That the chemical effect of the a particles will at all pres- 
sures be proportional to the pressure. 

For example, at 118 mms. the two effects are equal to each 
other and one can arbitrarily place each equal to 118. At any 
other pressure, 50 mms. for example, the recoil atom effect, which 
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fur (•unvi‘ni(‘nr(‘ will ho riMvd []\v. 11 odect, would still have the 
viilut' I IH; (1 h‘ it uiTi‘t*{ nuw will have the value 50; the combined 
effi'el is 108; (la* tiliiiorninUf tj fovior, or (he ratio of the observed 
nl)nnnnal olTert tu the UiU'inal a (‘iTeet, will bo (ll + a)/a=: 
108/50 u‘.eV). 'Table XX shows this same analysis carried to 

its upper aud lower Tuuits. 

(‘uniparisun (O' (he last two eohuuns of 'Tjihle XX shows that 
tlie i^eneral treiul of the experimental and ealeulated Values of 
ilu‘ vi’lneity eon>(aiit lkp/?J' is the same. The ealeulated values 
wilt be fuuml ph)tted in ( ‘urv(‘ 2 of 7 ns +) the interpolated 
values taken from 'Table XIX as f), Th(^ Hjj;reemont between 
ih(‘ury and experimmit is sutisfaelory. 'The maximum value 
bmnd, 002, wluii tlivided by the normal a value 90.4, shows that 
(lie maximum ratio ill j tt\/tt is 0.99. Aeeordinp; to Wertenstcin 
ilor, cli.) tin* maximum ionization due to recoil atoms from 
Ha A is iivi* times (hat of tin* a particles over the same path, 
which wnultl iie It combined ionization .sxr times that of the a 
pnrtieies alone. Heinemljerini^ that Wi‘rtenste‘iiTs statement 
refers Hi reeuil atoms from Ua A alone, while with emanation 
we an* dt‘alini; with three differtaU sets of u particles, the agree- 
ment' i.s perhaps a^* RM(»d as cntdtl b(‘ ex[iee(ed. At least one must 
be coiiviiH’ed that recoil atoms cause tlH‘ eomhinution of hydro- 
giui aud u\\uyt\ a! ordinary lt*mpi*rntnri‘, and upiiroximately in 
ihi‘ same proportion to (lieir ionizing powiTs ns in the cubo of a 
particles. 

A! first tiionght it must aiipeur surprising that the chemical 
etlVct of reeml atouiH can be observed at fairly large preRsures. 
Chu‘ lumt cuiisidf‘i\ howevi-r, that (la* radius of (he reuetiou bulb 
is only ’TH mmv, and tbnf iho average jiath within the spherical 
htdb is only idanit ti/HI of this, or about. 2.9 mius.; moreover, the 
range* of the a jauiicle in the t‘lect rolyt ic mixture will be about 
(T3 mm. at stamlard pre^.^nre Iralculnt4al from WerUmstciiTs 
mvnsunauenlH ft»r air and for hydriigtaO, and would be still 
greater for reianl atom- of Uni\ These facts, considered together 
witii the inlen-ity of the energy expen.se by recoil atoms, make it 
evitlent that the pre^suri* and bulb dimensions at which the 
elic*m5eal elTect of recoil atoms manifests itself are quite con- 
eordnnt with WerteiinteiiTs ionizathm ilatm 

Finally it Aumhl Is* iiiqtun-d whether the chemical effect of 
reeuil atoms will nut also la* ubsen'ed iu larger spheres at low 
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pressure. The unswer nms(. hi- iillinnat.ive, \vi(li ciTlaiu reserva- 
tions. By referring to Tai)lc XI it will he seen thul. for (he. 2- 
centimeter sphere there is an uninislukahle (endeney for Iqi/X 
to increase slightly toward (.he end of (he reaetion. whieh (end- 
ency would be brought out nmeh more dislinetly hy l•ale^da(iug 
for (k|r/X)'. However, the iiuantK.y of gas (o he aefed on in 
larger spheres, heginning wi(h normal pressure, is so mueh greater 
than in a 1-em. one, that hefore low jiressures are attained, (lie 
emanation is nearly exhausted and (he elTeet on the kp/X value 
is largely masked. 

I’ABLM XX 

Analysis of the RecoU Atom liffcct ( h‘) (iml tin- <t h'tti/ Kljcrt (a) 
in Causing Ekrtralytir Hydrogen and ().rygen to '('onibitm 
in a 1 cm. Sphere 


R effect = constant— 118. u effeet proportional (o pres.Mure , P. 




rttHiTiVh' ASi> UKtunh avumh 101 

'Dh* aliunst vrrtii'al tlrtJp in C’urvi* 2, Fi^?. 7, ufior puHsin^ the 
mnxinuini is <ltn‘ In prartiral (“xhai^stinn nf Uu* (*le(•tr()lyt,i(^ 
miKtnn*. 'I'ht* <‘xprritut'utul tucfluul (‘mpinynt was the Huine an 
(hut deserilnni in § 42, and is nnf aiiplicnihle to extmnely low 
pressun^s with nrvwvnry, Ii wonhl In* vt^ry interestini^ to exam- 
ine this reutdiou, u-ina a ndiiiml pn•s^nre mellunl in order to 
invt'stiRide uiort- prtM*i-«-ly the morst* of tin* n*nriion lU'ur its 
vml Theori*! icadly the almonuality fac’ltir shoulil eontinue to 
rise until tin* is eoinpletely t'XhnUHlnl. 



Ohiiptci- 12. 

Atomic, Disinix^^Taiion iiy a Pariidi'S. 

66. Scattering and Impacts of a Particles. 

The ji^rent potency of llie <« puHiclt' a.'i an a^iit'iil in the produc- 
tion of c.hciniciil action has lu'cii fretiuciilly cinpliasiv'.ed in pre- 
ceding chapters. TIk! reac^iions treated u|) to llie present have 
been of ordinary inolecnilar character. Very recently Itutlierford 
has demonstrated (amchisively for (he lirst lime that under eer- 
tain conditioiiH the a particle is cap.ahle of producing .a uiueh naire 
fundamental cheinical change, namely, the disiuli-graliou of the 
atom into new kinds of atoms. Although such chiuiges are spon- 
taneously taking place among the radioactive elements, Htilher- 
ford has presented the first evidence that can he accejiled with- 
out doubt, of the artilicial disiiitegraliou of the atom, 'riiese 
intra-atomic reactions fall very properly within the confines of 
radiochemistry. It will therefore he attempteil to give a brief 
non-matliematieal (lescrij)iion of ItutlaTforirs work which led 
up to and proved ahsolnt(^!y (his iliscovery of pia'emineut 
importance. 

The investigations of Ridherford and his co-workers in Man- 
chester and more recently in tkimhridgc' of (he phenomena 
accompanying tlic pn.s,sag(' of ix i)Hrticl('s (hrongh in.aKer have 
been remarkably HiKax'SHful in furnishing insight inlo (he (jnesdtm 
of atomic structure. A.h has been pointed nut, (he (light, of (he, 
a particle of higli velocity earries it in a straight line' through 
a large number of molecules or atoms, which arc; iutii/.ed by (he, 
removal of a single electron from each molecule (‘iieountered. 
The <x particle suffers no dellection in (he or<Hnary encounter, 
but has its velocity gradually diminished until it i.s no longer 
able to produce ionization. Toward the end of its path, when 
its velocity is much reduced, the a partitdt^ is mor(( subject (o 
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grt'Jli. rarily nl' I In- ncmvwnrv of Ww iU^doctions led, as has 
already l^ren dul, \i> (he HudKTford-Hulir atomic model 

anairdin^ tn whirh m<>-t (iT the alomir iimss is centered in an 
(‘Xlmaely udinitr inndrtis with a posit ivt‘ c.harp;e equal to the 
afoniic inunher t»f (h«' atom, which for (he lu^avier elements is 
HOUicwhat It'.'-* than hall (la* aiomii’ Wt‘i)^hh 

die* lart.^c di th-ct ion-. m‘ reversals of the a parlielo arc then 
attriliutt'd to a elo t‘ uupaet of thi* parliclc with the imelcus of 
tin' atom t'ln'ountnrd. d’lu'-e impactH were llrst iuvoatigated 
using thin ^lMef• (U tlio hravita- metals. 'Hie law governing the 
delleefion or eat f rung wa^^ \v»uie<l out, hy (ieiger and Marsden,^ 
on (ht‘ ha-r oi n pul ion inver-ely with the H{{Uure of the distance 
from point i harge , 11ir lAperimental Hcaitering was in good 
agreemrut \uth tin theois and it was ralcnlut(‘d that the direct 
impart rr(inMit an approarh ai tin* a particle (o the nucleus 
witlim ahoiil d \ Up rin m tho en.r r»/ hnivjf (tioina, 

'riie ra r im hidit atom e ditlVnait in two important respects. 

First, tai aerouio m! the iu dier uuelear ehnrge (lu* r(‘pulHi(m of 
the po-l!He!\ rhaliod n pal tale mUell h‘SH tlmil ill the CUHC 
of hea\ V atom a and the n p:utie|r thta’efori" nhlt‘ to approach 
mueh eheri t<» the nurhii . apprtixiuiati'lv ten times as close, 
'riiis rhee appio.oh oil impart produci'H radii‘a! difT(‘r(*n(‘eH in 
the rebuilt oi t!ie repnl ion wlueh will he flenerihcd latiT. Second, 
on iierMunf oi I ho -mailer imr - i«f the nnrlens of light atoms 
they .are i*pe!!»d ft* gre.uir dntanees than the heavy ones, 
rnder ho. t«r. d«lr nianm faiiee- tlie light nloms are projeeted 
ftaavani at a lor it v wha li « ^uiieH them heyond the range of the 
impelling o p.ofnle md « ai hr deleeterl aiul Counted by tlic 
muutdlafion meih««|, d he upmn m w po^Mihilities for their inves- 
figatmn. w!n»h haw h»«n utilurs} hy Itutherfonl us will be 

rnaiUlitnl III ilif h4Ko\ing p-u’ agraple.^, 

l)arwm ' l.:e- dnnui fha! the laW of sciittering lllld n'pillsion 
prrdni'-’. tha? all thr Iighi Up Pi uiiil iufluding oxygeu 

should he I iqeddf o! h* mg rr|.ie|lrd hv li douhlv charged a par- 
firle to a dj-taie*' e\^i#dmg the range of the a particle in the 
same medniitn pr.e. ahd fh.*! the atom repelled lias a ningle 
positive rliurgi- i! iIp'’ repelled atom has a double 

charge, no yiU^m hr:o. i«r hehiim etaihi \w reptdled beyond 
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the range of the a partielc, witluait borrowing energy from some. 
other source. It was to t(*sl'» tliiiS predielion lhat Hullu‘rior(l 
undertook the experiments which havt' led In oilier highly sig- 
nificant conclusions. 

66. Swift Hydrogen Atoms. 

In the case of the repulsion of a hydrogen atom as I he result 
of an intimate impact with an <« parliele, we have a i-a.sc* of great 
simplicity in some respects. On neeount of its having hut a 
single electron it is imjiossible for the nucleus of the hydrogen 
atom to carry more than a singh' positive charge. On account 
of its elemental nature there, is little jirolialiility of the hydrogen 
atom being changed or disrupted liy impact with an u iiarlicle. 
On the theory of impact oik' should expect, a hyilrogen atom to 
be set into swift motion as the result of a ilirect nuclear encoim- 
tcr with an a particle, with a vidocity l.li times that of the tc 
particle. The range to he. expected for the .swift- hydrogen atom 
would be about four times lhat of the <t particle, and its kinetic 
energy 0.G4 of the energy of the a jiarliele. Maisdeu '* found that 
the passage of a particles through hydrogen did produce a large 
number of faint scintillations on a zinc sidlide screen which 
could be detected far beyond the rangt' of the a particle. Huflier- 
ford'* has made a very detailed study of the siihjeet whieli con- 
firmed the thcoreticnl predictions. 'I'he swift II atoms liave a 
range in hydrogen of 100 ems., ahout four times that «if llie « 
particle in the same gas. The numher proj<’i't<-d si rnigld forward 
by an a partielc of range 7 ems. is 30 times greater than reepured 
by the simple theory of scattering. 'I'lie prolmble explanation is 
the distortion of the micleus by such <'htst' approach, which was 
about 3x 10''“ cm., or apimiximaldy the same ns the diameter of 
an electron. The direction of the swift. II at(tmH is mainly tlie 
same as tliat of tlie a particle, and I In* velocity of difTerent par- 
ticles is uniform. On. reducing the velocity of the ct parlicde the 
direction of the H atoms becomes morc^ vnrietl, approiuddng the 
requirements of the law of seaUering as to distrilnition, hut still 
exceeding theory in mimluT. In traversing one cm. of hydrogen 
about 10“ a particles produce onti swift 11 atom, whiela means 

•10. Mawaon, Phil. Mae, (0) 27, ft2< K. Marwlm «rit} W. f’. 

LftntaljAiTv. ihM. an 
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luit (Hit (tf nr hy<lrcwii ntotUH iniiiml, only 1 in mi into Bwift 
lotion uH tlir of n din'rt iiuc’h‘ur iinpiu’t. 

Hhiro (ho nucloar nnpniH \h nn ntoinif plienomonon, the long 
mgv Hwift attiiuH vnn In* pnnint'ctl hy rudiating either the elcv 
unit or any enuipouial td it. IdiiH fart Imn proved a Bounce of 
oiiie euiharra^MUirnt in I ho ohm* of hydrogen, Hineo it in very 
illleult to rtiouvr wjiti r vapor anti pewsihly uHut eunipomulH 
oataining hydrogtni ftiun the iirld of net ion. Ah u eouHeciuetU’c 
very Boture of ti radiation han hren ftnuid it) give Boam Bwift H 
tomH rontaatnu-ly, So prrHn.l<nt in this phetumienon that it 
JIB suggeMfrd (la* pos^^iihihiy «d the eadsMioti of II partielea from 
iie aurlfU^ of the radioarfivi* tdruieni itself ia t!ie Haiae way that 
piiHit’les are liiutted lader evideaee olHuitUHl hy Hutherford 
tar. riiJ dtM'H Hof appear to sopporl siieh an hypoflu^siH strongly, 
lut tin* tpie^itoii si ill regardiat liv UalluTford us a B\ih]eet 
eijuiring further tinesfigniiun. 

Both inagntHie and eleefro^f nfir na'thtHls of delleetiou have 
«Hii a^ed hv Uiifheii««rd sn e^.ainiinng the ehnrgc* and vtiiieity 
if the n aioio''-* The eloirge Was «h{twn to \)v utupolar 

lusilive, and the iHa\niin!ii vriorjiv Is l,n times tlmt of the a 
Hirtiele, IIS riapiired h% llirory, 

7, Exptrim®alt of Ralhtrford with Other Light iitomi. 

After ohtainiiiu ^airh important residlH witli hytlrogeii Huther- 
ord ^ pfoeei'dod iis no r- the propiil.Hion of some of tlie 

illier light ntoHi^ to dr'Haiirr*^^ hrvoiid the range of the n pnrf.i« 
*le, Assninmg flua"gr-4 pariirlr?^ ihr ri^"^ii!t tif iiujau't, 

t WIIS lifednird ffMiii Ihirttilds forimilatJofi that the swift nitro- 
;eri nium onghi to hats- n range t lO limes ihsil of tlie u pariieitt 
iriMiiiniig It, am! that should ^^imilarly have the value 

M, Both of ihr-n-' ttrfr r\H|llltird l»y liutherfotd, who 

oliml iniiin^roiin snniillainsiH hrvond the n mage in tlie regitm 
^ U rrii?4, from the f^oiirrr, tt'lindis in iiiiinhrr riarresp«irideil elosely 
II ttnii hiitiid III I hr h^.4rogen tndiniliiig iliat the 

iiiltire of the impari The range found for nitrogen 

k^m iippro%im.at«dv prrdn-trd l^v fin-ory. In the ruse of 

mygtui the range waw* not vrty diflVrrn! from tliiit ftmiul fur 
lilrngriv TIih •tahn' grc'atrr than ilirtiry %vm fiur.^lingi 


166 Tiij!} aimncAL effjcots op alpha pahthha:,^ .i\7» 

but Rutherford was inclined to b(di('V(‘ iliat ilu' swift particlen 
were in both cases the sin| 2 ;ly charged oxy^iai or ni(ro^(‘u aftnns. 

The improbability of this assumption was point I'd out. by 
Fulcher/ whO’ showed that the i)ropulsion of a siiudy positively 
charged atom of nitrogen (or oxygtai) involvi‘s (li(‘ assuiuiHitai 
that the other orbital dcudrons are carrii'd with tlu’ swift atonn 
According to Fulcher’s (a)iiU‘ntion the fon‘es binding thes(‘ remote 
electrons to the nucleus are not suflicient to overeomt* their initial 
inertia at the moment of impact, wlam (hey would liave to take 
on a speed of 10“ ein. seer' in It^ss than 10 si*e. Aeeording to 
Fulcher the remaining eli*ctruns would t‘ither he left behind ini- 
tially or soon be ))riished olT ))y contact with other moh*en!es at 
the gas traversed. "Pla^ swift partich’s could not bi‘ nitntgeu nr 
oxygon atoms without electrons, fur such multiply (’hargeti atoms 
would have shorter ranges than were ohserved. Ftilelier JUiggeNls 
that the swift i)art‘icles art* a rays proilucetl hy the disrupt ion of 
nitrogen by the im])act. Of course dtmbly ehurgetl belium attmis 
could not be projecied )H‘youd the raugi* of (be bombarding tt 
particle unless they got atlditicuial (‘Uergy fnati some other sonret*. 
Fulclicr suggested that tlu* impact results in the t‘Kplo-inn of the 
nitrogen atom so that tlu* int('rnnl atimiii’ energy biMa>m{‘s av.ail- 
able, just as in tla*. case of (la* radioactive tdiaugi^s. 'This would 
represent a tyi)e of “artitieial nurmai’tivity “ which will hi* dis- 
cussed in § ()9. The only dillicully of FulcherV as>mnp(ion hay 
in its failing to explain tlu* uniform diretnion of the parti- 

cles in the direction of the (t jiurticle. Tht» ri’^tdl of an atomit* 
explosion would be expected to c*uusc‘ (he ejection u particles 
in any direction ac(‘orditig to (he taw of chanci*, 1'he probalnlity 
of atomic disruption by a particles had already been c^tabli^«hed 
for nitrogen in anotlier way by Uuth(‘rford, whiiT will lx* cim- 
sidcrod in Llie following sta’tion. 

68. Decomposition of Nitrogen and Oxygen. 

In June 1919 Rutherford ^ reporltal (he obHcrvuliun t»f afi 
anomaltaiH effeet in nitrogen laanhunled l)y a rays, A ido-isl 
metal box containing an intense stjurce of Ha (‘ at a ems, fnan 
the end was provided with an op(‘ning in the* eml tantTcd with a 
silver plate of stopping powau' e(iuiva!ent. tti 6 ems, of air. Iht* 



II V ck I^AHTICLKB 


167 

<nS srrtrii plarrtl ju.f tiuf-irtr tlH» niuMiiiiK at 1 mm. dis- 
aurt*. rUv munhir nf ■’iiatunil** ManlillatioiiH on thin ncrcen, 
twiiiR Matir uu;tu.idulilr tuuvr t.f Hwift II ntoiuH, iH moroascd 
n- c*\lsuu'tum Hir ho\ ciu ailminin^ dry air or CO,, the nuin- 
IIT nf MOiinllutsMii- diiuiiiidirti in tin* ralio \u hv (‘xpectcul from 
hr iiM iTH 1 “ oi tu|i|iiim |»nui r nf thr Ran rnhmm. Hut if nitrogen 
inhmnnl r!*r uumh* r ni = riuullafinUH iiurntsvH. Nitrogen from 

lilTrmU u.n frinl jind vanniiH aUrmptH wrro imHurocHS- 

iul m rxphusiiim, ila phiiraui iinii wiUinul aHj^utuiuR that n ntomH 
xwr hnuK hniHhu.hd irmn lufmuru ntonm by a ravH. The 
ihMTvrd r;nsRr lU ihr parfirli-H wan too grc'at for them to 

lavr a Rr«-atrr than ih.if nf ihr H atom; tlM‘ efTt*et Heemed to 
irprutl nii lb*- plm-Urr nf lufrnarO au«l to hr proportional to itB 
■niM’»iitraf mu. -»=! sm Mfhrr r«airliudim wuh left cipen exeept 
[hut uifrnRMi 1'- di-rupfrd bv II rav bombardinrnf and that one 
»f flir prndtu?'- nt fl^r ♦Ir'ilipf mil v-. thr ^wtft I! atom. 

l^pnu Rtoui?. Im r.uiilajdiu^ Uuthrrfnrd mntimunl \m wcjrk 
nu th«’ mu If u? iMii nf jiud di-vi-Nrd a (’(aupariBori 

illt^hnd nt r\.oiUUUiR fla- U' di'llf'r! |nn nf the wift JJarti- 

:'!r^. Ill ni*h I Ihr nf the t'xperiiuentB 

r«?iihriii th::i? tJ.r iMjai-t I p.iiJirlr-^ iri»ni iufrnRc*n jiro partiedoH 

kvith t!i»’ " lu f !,a j| im Uut iutford had pri^vionaly 

^nppi«^4 »i I h.* xir. 8 ■ ’ u»u nf thr »-hiirfi‘r riiURe partielrH from 
iupI h.iH in mnliminl the predietiemB of 

hoirhrr lu - !h.s ;«sppriiT tn Ur dnuhlv rliafRed hi'Hum 

!t;r C.!.».fRrd -Uniu nf uitroRru or tixygen; 

hut ^hr -I rd thi" Hr atnia, n muHH of 

!f %%'an fMuiid whr L 'r . fn Huthrffnrd rrpn^rulH lui it^otope 

nf lirhiiiu lu fh«' ^ .d iin vrfv InuR faURr partieloB 

rnrfrf<sp!i«!34riU|f t»-. 1 ^ iOid uiiroRrii nfr found, and 

Itlit h-rr fnr4 3-%^. i|ru mu Irir-^ rniispn^rd of four 

hrliiiiii at mis'? r-i Us .•■•> :i .or I »>ur' sd 4 aiid two nurlear or 

hlirbuR r1r-r! :.nR rhrjtRr nf H III lllO TIW of 

Uilrn|?ii« h;rw #4 dl’^HIpl iniu OlH‘ giviUK 

3h,ui?*4 so- Lrlaua ni iiuih?# thr oliitT RlV- 

itig II -! 30 n' ■' | > 2 ir'r fl,;*- nf thr former 

flir f !r. r !.rfi hd«l. Hot h«’rinr«i that 
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Btruoturo of in(r{)fi;cn propoM‘(I hy Rtif hrri'nnl four ilouhly 
oluirgod h(‘!hnn utonis of luasn l\ ami I wo :duul> oharmnl U att>inH 
of inuBH 1 and {hn‘(* hindinK <‘liMar(nn^ giving a not po-Hivt* rlmrKt' 
of 7, If the 11 a((nns liav<‘ an inttahor p«»-niou in lla* nutdtatH 
with referenoe to ilia Ha a- HtUla rlord Huh 

might naa.mnit f(»r tlia gnaitar fn-ijutiu-v oi tht* tli^u'Uptiun aarom- 
panied by axpulnion of a .•^wif? l!a atom. 

69. Artifioial Kadioaotivity. 

The (•xi)ariinanlnt ra^ult^^ of Untlniiiad ju t in § (IH 

appear to aonlirm KulaharV pradiffiou w r»7 1 that iht* Hiortar 
runga Hwift p{ir(iah*H fnan uitrt»uou lani! al o Hio r man osvgau) 
are not tha ningly ahargad X and ( > afoui-. laif aro diaiUlv rluirgail 
He ainniH ((jf mans **i). Uutlirriord i tuiadri Uou ihr ^niu in 
anargy of nadion ra.^ulling fnan lla^ nnpaii mu i br nt laa-l Hy;*, 
oven thougii (hc‘ BubHatjuanf tiaitmu of fht* ih utfta,nafod nuahnw 
and of tin* boinbarding n partirlt* In* la'ulrrird iXalrnHy thin 
additional aniTgy in darivni froin th*' iiit«rn:d aroma' ^-nargy 
of the (liHni])iad aionu and wc- havr du* tU |irooi of h'ltlrlua’H 
“artiradal radioiudivity/’ H tin* r\ri > inrru\ unh/rd by flu* 
Hwift ))ariiah‘ is in nsalify rn^r mora than H* ; of thr liirruy i>f 
tiro bombarding a partialr, Fulc-ht rX ditla uhv of t \|daifung tha 
uniform diraation of Ilia jHWjIt purtirlr^ ran piihap ba dnim^sinh 
TharaiH noavidanaa thni tbr ufonia’ inahtm r< inttirlv lianttptad, 
and Ilutliarford inabnas to Iba virw rhaf onlv a ^inglr ftarfiala 
irt ajaalad frtnn aai*h alHm inal daa'u•^r*^ tin- po' ibir i’^otopia 
modi(iaalUjns of atom?^ of Imvar afonnr wnght uiia h r«-midu ns 
tha rasult of tha hws td n sirjglr alom m Ita- tno f\pi-^ of di^^nrp” 
tiom Ah yot (hara is «"Kpr*riinrtital rvadrnrr onlv of fin- ^wift 
parthdoH of runga loiigar thnn lln- n partsrlr uml wr Imvr wn 
diraat avitlanaa as iu lha imturr *4 liia n uiiiir 

Hutharftjrd [mints uuf that fin* umotmf of da intagnilnut is 
oxct'adingly snudh If in tha vu^v of niirogm only oin- ti pariiah* 
in 300,000 suaac*acls in gat ling tnar anongli to thr nurlaiH to 
libcTutc* a swift II ntom with imt for it to ha 

dctcatad, lha antira a radial ion from a gram of ratlinin, if wholly 
absorbad in nitrogan, would gniarntr onh^ nboiit ft \ HJ * mm/' of 
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s!()\v(‘r \'(‘lnri(y \vhi{*li cun TU)l'/ l)o detected. It is also possible 
tliat hiiih vvlorilii rlrrlrons ponscHH sufficient energy to bring* 
nlnjiii. siU’h n disini.egrntion, l)e(*ause their close approach to the 
nu(‘li‘us \vo\il(l he uecoinpiuuecl by an attraction instead of a 
rc'piilsioiu III this cast* wi‘. should expect to find the effect pos- 
sibly more prononn<H‘d in the case of the atoms of high atomic 
muub(‘r than of lo\vi‘r. It is ptissible that some of the inert gases 
found by various authorities l)y spectral methods may have 
ri‘sultt‘(l from intimse idi'clronic bombardment of the electrodes. 
'rht‘ iH'sulls of further expiTinuaits in this direction may be 
awaited with a great dt*al of interest. Rutherford docs not con- 
sidt‘r it impossihli‘ that pcni'trating X rays may liave sufficient 
(‘iKUXV (o cause fitomie disiniegrntion. 

It may not- he without inli'rc’st to oliservc tliat the discovery 
of rndionelivily eanit‘ about as tli(' result of the Bcnrch for the 
spt)ntnni‘ous lauission of X rays. We. now have the situation 
reverHt‘d; having disetjvt*red radioad.ivity and the spontaneous 
disintegration of thi‘ atom, we turn hack to its artificial dis- 
ruption, and enlia* upon an (‘ra of renewed activity in the quest 
of “transmutation.” 
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imncx OF miiJFiiTS 


Coloration, of Halts, 47 ; Dy radium, no ; 
colloidal theory of, 51 ; of mliicralH, 
51, 52 ; of j^lass, 51. 

Corona, ozonlKation by, 81, 12o ; active 
hydrogeji in, 112 . , 4 ,. 

CoriHiHcnlar nntnro of a particlo, -1. 

Crystal structure by 7 ray juetliod, 44. 

Curie, dcAuition of, 25. 

Cylinder, average of a partlcleK In, 

Decay, constant (X) of niclloactlvc 
substances, 23 ; of UnulnosKy of iduc 
sulildo, 54. 

D('conii)osltb)n table of Uadliiiu emana- 
tion, Ai)i)endlx A ; of rmllnin waits. 
47; inorganic by penetrnllJig rays, 
(13; organic, 34; of water l)y polo- 
nium, 75; l)y radium solndon, (10, 
75, S5 ; of hydrlodic arid by peme- 
trating rays, (13; o(' water by em- 
anation, 08, 87, 113, 120; of gnses 
by ('nnumtion, 85, 03, 07 j of bV; 
di-lodic acid by a rays, 85; of solid 
salts by /9 and 7 ro.vs, 80; <4 ana 
monia i»y electrical discharge, 12*> I 
thermal of plumpiilne, anonmlouH. 
145; of atoms, 22, 102, .107; <n 
nitrogen and oxygen by a rays, 100 ; 
of nitrogen pent<>xlde, 140. 

Dtdiydralion, of radium salts, 40. 

ilepoHit, active-rate of dHTuHlon, 105 ; 
location of, 105. 

Diameter, of sphere,- Innuenee on 
choiulcal action produced by ra<llum 
emanation, 100. 

Din’raclion of X rays by crystnlw, 44. 

DllTuslon of ncllve deposit, 105, 

Disintegration, of (pmrin l)y rmilum 
rays, '10; of atoms by a pnrllcleH, 
102 , 100 . 

Dyes, lileachlng of, 138. 

ICInstoln nlmtocitemical equivalence, 
132; tests of, 133, 130, 140; excess 
of ebendcal action, 110. Hee also 
lOqui valence and DbotoeUemlsirv. 

Klcclrlcal, dc>0(*etloii of a rays, 22; of 
posltlvo rays, 150; of swift Ii.vdrr)gen 
ntoms, 105 ; dlsclmrge in gases, 37 ; 
dlHChiirgc, oKonhatlon by, 124; de- 
composition of ammonia by, 120; 
coml)lnnlUm of hydrogen and oxygen 
by, 125; ciu'inlcnl efTecl of, 123; 
— clmrg(s production by cUemlcnl ae* 
tion, 128. 

Klcetron, -Ic nature of |9 particle, 22 ; 
variable mass of, 41; - llmory or 

photochemical action, 110; loosening 
of valence -s by light, 134, 140; 
uosslhlllty of atomic disruption l>y, 
lOH. 8ee also O'herm-elcctron. 

lOmanntlon (radium), equilibrium wllh 
active deposit, 25 : prmjerileH of, 35 ; 
ohomicai effect of, On, 00; decom- 
position of water, ico and water 
vapor by, 01). 87, 120; action of on 
hydrogen, 85 ; on oxygen, 72, 85 ; 
(Ictermlnatlcm of by 7 radiation, 77 ; 
purincnllon of, 71); elTeellve In re- 
duction of carbon monoxide by hy- 
drogen, 00; kinetic equallon for 
notion of — on gases, 05, 00; effect 
of voiutno on chornlcal omcleney of, 
101 ; disappcnnince of - ■ from spee- 
trum tnl)es, 127; decay (aide, Ap- 
pendix, Table A. 

Bncrgy, radiant, 17; kinetic, concen- 
tration In tiie a particle, 22; of 
lonljsatlon, 20; rndfated by various 
rays, 42 ; utilisation, ohomicai of 


p('netrnllng rays, 01 ; small In pl)olo- 
chemical iU'lloii, 123; of a rays In 
ch(‘ml<*ni nclbm, 122 ; of la-cdll 
atoms, 155; of swift Ijydrogi'ii alums, 
10,3; gain In by ariKUdal nulio- 
activity. 108. 

Muuiut'ra I ion, (O’ a jmrtleleH, 31, 70; of 
P narllcl{>s, 42. 

hhpiillbrlum, radluaetlve, 21 ; f)f am- 
UKJiila ((unanalbm ), 72; of liy<lro- 
geu, o.\yg<Mi, and waler ((Muaimtluiu, 
01, 104. 

I'ltpjl vali'uee, ionic eliemU'al. 75, S2, s.5, 
00, ill; exetqdimiH to, 117, I2u; of 
o/.oiilzatlon and luut/.nt Ion, Stt ; 
piU)toi’in‘mleal, 132, 133, J3 n, Mij. 

JOsters, I'iulloebemlcjjl I'urmatlon and 
<|(U’empusl( ton, 03. 

Mxcesw, of hydr(»gen from det'ornpoHl- 
(Ion {d‘ water by ra<llum, 4S ; by eta 
auailon, 01 ; laOueaee td' of by 
<lrogea or osygi-u on rati* of ayu 
tliesls of water, inT lO; of elietalcal 
acibm over hml'/aflon, HN; of ion 
Izatlon over ehemleal action, I2i> ; 
over Iheory of pholocbcndcal ai'tlon, 
130, 140. 

lOxptoslon, Uml‘/a(lon by, 130; lafni' 
retl rndlntion In, MO, 

h'ara<lay’s Daw, nppUcnlih* to decoin 
poHlIlon of watiT by polonium, 75 ; 
(o o;?onIiinflon by a rays, 8t) ; in 
tipplb'able to ozone formation, t2l, 
and ammonia decoiapoHitloa by etec 
Irlcat discharge, (20. 

Mrsl order reaetlon, 2 1. I (5. 

i'Muorlne, Hliujde elemi*nt, 153. 

I'Mimarie add. nnllocbemlcal net Ion on, 
03, 13P. 

tiamimi Hays, nalure. 22; iU’opcrl tea, 
44; heat of alisortO ion. 0.5; deter 
intnatlon of emanation by, 77. 

tins, CH, specific tonlzattion ami stop- 
ping power for rt jiar!b'le»«, 32; din 
atipcarance from discharge iui»e«{. hu, 
127; evoiuflon from ntdhim sallH 
ami Holutlmis, 4H; diemti'Ml aetbm 
of electrical <liMcharge In, 43. 123 ; 

pipette (Knnnmyi. itO ; kitu fic 
eriuntbm for ebiuati'nl action of imt 
nnalbm on, 05. Pl> ; reiteiii»n« ami 
explosions, lonly.atbin by, I2P, I30; 

IruiH, vaddy of. 8j ; rat** 
recombination of, 117. 

(ilnss, colomibot by raiiintti, 53; nli 
worption of hvdrogeit to tuator a 
radiation, 112; tldn cupdbtrl«‘Ji 
ami liultis, 70, ,H7. 

llrtlf life perbal of radioat't i ve »de 
meats, 23: relntbm fo imir t»» rlod of 
dietnleal acUon by oiunrmrioft, 711 

Ilefit eveduttem, cotiiliiiioti^ from ra 
ftium, 2(1; (|unatity of from radium, 
(15 : (puuttity of from a, f1, and 7 
rnya, Oft, 

llellum, it pnrliclr, 22: arcuoMdalbm 
from radjoficflve ehnngc. 2 1; »lm}dc 
clement, 153; liariicji’^ tif 
3. 107. 

Hydrtigen, exee^s of dt cotatoinltlofi of 
water by rndiuni, 4 h ; by emanniloit, 
HP; nenon of emnnailon on. ni. 72, 
85, ni; coiiddnnfion wtib o%yg«tu 

72, Hft, HP, 117 , PP, JtJl. IfiT : ill «df‘c 
Irlcnl dlwharge, 125; osvgra 

equilibrium (emanatbm), PI, 1P4; 
Influence of exersg of on synttiupia 
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of wiitor, 10!) ; ~ olilorldo, syiitlicHis 
li.v o niyH, Hfi, l;)n, j:I7, I'll ; liv 

jlUotoljHlH oj, 1.11; ([('ooiupoKltloii of 
;,v a I'liyK, ,S(); .. pi.n.xW,., Kyii: 

IIh'mIh, L; I'uorgy nt.Ulzutiou ol! 
IHTicInil tip; rnyK lu H.vulli(*HiH (>!', 01: 

pluilol.YHlH ti\\ l.ss, 201 ; siiUklo 

l).v oummUlon, });i’ 
; ItuiihllUni ol’ plHJli)('lu'ml(*al lu** 
‘i<ui oi niKl <‘hlorln(‘, ns ; ivi- 
luul iHonn.-nloiMlc, acdvo, 112; ro- 
<ltu*(loti ol' (•lu'hon nionoxUP' by - - 
l t'liuuin ( loo ) , ilb ; iiliHorpl ion In plnHH 
inuli'i* a nullntlon, 112; Hlniplo c*l(‘- 
nu-nt, IbU; HWiri; - ^ ijIojoh, Troin 
liytlromni, UM ; I’roni nllroKtoi, 1(17. 


loo, ilooompimllion by a rnyw, SS, 120. 

Ibori'inoni t»!‘ lnh*riml onorgy (tOoMn- 
loiiU, MU. 

Infni 00 ( 1 , rml billon In olionilonl lu'ilon, 
I fibHitrpllon ol’ niothvl 

nooiiilo, M-j. 

liiblbltlon, oT ]ibo(oobonilonl Inlorac*- 
tlon ol bytU'oKon and ohlorln<», UP; 
^oMonil by oxygon of photo rt'aollonH, 
1 ‘in, 

Inlorfio'onoo, of rayn In oryHlalH, ‘b1. 

lodblo, plndolyHlK of hv(liM»Kon ■, IfM ; 
jlooomiMiMtllon of -H by fl ami y raya, 

loiloforin, iilml itxblallon of, 1!1S. 

lotil*/a( loti. Hot* alHt) loim. ► by a 
partlolo, 27; oui'vi' of, :i0, iriO; by 
ooIIInIop, Jib, *111, 12'l ; O’owpHoml’H 
fniMiiula, 'III ; fonmibi of Dmino 
and dabordi*, Oil, sji, sb ; Ity lliorni" 
ob-olroiiM, 'IJl ; Hpoolllo of piHi'H by 
ft parllrlo, P2 : Iboory of olH'inlcal 

m l ion, 7^, 12 ) ; paliMilallon of. 7H, 
bJl : - • , evaluation of M/N, 

JPJl ; uiilt by a am) /) aa.VH, 2P, '12, 
so. 1111; by (’bomleul action, t2S, 
IJlO; by ivfoll, Ifif.. 

I OHM, I'mo’ijy lf» nrodtUM* tmi* pair of, 
20; loiib* chctalcal (‘(ptlvabMice, 75, 
ltr», rio; (‘ItiHlcr , Si ; vnrb’ly of 
, HI, IfiO; vale of reeoinblna- 
tbm fif i;aH , 117; aliMenee of lu 
ebeiiitenl net Ion, 12S. See alao lon- 
i‘/nlbiu. 

iHotfipea, anatyNta of by jatHitlve ra.VH, 
tdO , of m‘on, tf>l: or vavloiiH ele* 
inonia, 152; reparation of, 151. 15U; 
of belltnn, Hit; by atonib* <llHnip» 
tteui, lOH; rmibiaetive • , Apiiemllx, 
Trtble 11, 172. 


KUiotle, a of rndbmetlve triumfortim" 
tbm, 2JI ; imerMy nf a inirllele. 2(1; 
m of gar reiielloim (ratiloehmulenn , 
01; Npiatloit of. 05; nppllerition, 00; 

Hpmt Iona, HI? ; n of will or H.vm 
lliewla (by eninnfilbuH, 100, 107; 
ebmnlenl « ami raiHiitlon, M7 ; en- 
ergy f>f recoil iitonia, 155. 

Krypton, alx Imitopca of, 153, 


Lnmbtia, tlecny (siUHtant, clcPnltlon of, 

l.eaib rif tempt to aciairnte iHotopca of, 
154. 

Leimnl rayi*. <»5«tmlssaHon by, SO, 123. 

Hoc al^so Kleetronn. 

Hovuloae, i»lioH»lvalH of, 134, 
Htimlnesieonce, bine f»f filled radium 
rntta, 50; and f'olor by ratllum, 51, 
53: active een!i*rM of, 54 ; <lecay, 54. 
atui recfivery, of in ^tne HUltUle, 54. 


Maguetic deflection, of a particles, 22 ; 
of ^ particles, 41; of positive ray.s, 
14b; of swift liydrogen atoms, 107. 

Maleic acid, radiochemical action on, 

lo%7« 

Mauomotric monsuroment of the ve- 
locity of gas reactions, 05. 

Mass, of electron variable, 41 ; — 
H])octrograph, 149 ; — spectra, 151 ; 
of swift particles from hydrogen, 
nitrogen and oxygen atoms, 107. 

Mercury, effect of hydrogen and oxygen 
on, in pri'senco of radium emanation, 
111; isotopes of, 153; separation, 
154. 

MVsodhorUnu, life norlod, 55 ; in lu- 
minous material, 55. 

alien, pleocbrolc rings in, 52. 

AlineralH, coloration of, 50, 52; range 
of a rays in, 51 ; pleoehrolc rings 
and g(‘()l(yj;Ical ago of, 51 ; photo- 
electric elToct in, 50, 52. 

ftiolecnh's, active, 143. 

Monaiumlc, character of radioactive 
transformations, 23, 25 ; hydrogen, 


N(H)n, isotopes of, 151; triad (?), 151, 
153. 

Nitro-benzaldohydc, radiochemical con- 
version to acid, (13. 

Nitrogen, slninlo element, 153 ; disrup- 
tion of, 10(5; swift hydrogen atoms 
frmn, 107 ; swift liolium atoms from, 
107; deeonipositlou ol! nitrous oxide 
by a rays, 85, 93 ; of — pentoxide, 
147 , 

Number, of a, 31, /3, 41, and y rays 
from radium, 42 ; atomic — , 46. 

Order of reaction, first, 24. 

Oxygen. Hee also Ozone, Ozonization, 
and IMiot-oxldntion. Combination 
wUli bydrogim, by emanation. 72, 85, 
97. til), 101, lOY; by electrical dis- 
charge, 125; effect of emanation on 
- - In tlu^ presence of mercury, 111 ; 
effeefc of excess of — in the syn- 
theslH of water by emanation, llO ; 
Inhlhlllon hy, 135; slmnle element, 
153; disruption and swift: particles 
from, ion. 

Ozone. See also Ozonization. Forma- 
tion hy a rays, 80 ; pliotolysis, 130. 

Ozonization, hy a rays, 70, 80, 85, 123; 
hy Henard rays, 80, 123; In corona, 
124; photochemical, .134; theory of, 
123. 

I’ath, nverngo of a rays, calculation, 
82: influence on chemical activity of 
viKllum eiuauatlon, 100. 

Pemdrating rays, from radium, 34 ; 
ehemleal action of, 47, fll, 112; on- 
(*rgy ullllziitlon In synthesis of hy- 
drogmi iiei’oxlde, 01 : decomposition 
of liydrlodlc acid, 03 ; of water by, 
114: synthesis of hydrogen chloride 
by, 85, 111). 

Phosgene, photo-synthesis of, 138. 

Phosphine, anomalous decomposition 
of. 145. ^ , 

PhosplioreHcent, allcnllne earth snl- 
fldes, 57 ; zinc sulflde, 54 ; wlllcmlte, 
57. 

PlioHphorus, simple element, 158, 

Photoclimnlenl, reduction of ferrous 
Hulfate, 03; small energy utilization 

In action. 123 ; equivalence, 

132, 138, 145; comparison with 
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ioniC'Clicmlciil oquivah’iico, 140; 

— liitcmction of aa<l 

chlorine, ISO: inhibition of, IIS ; 
.RynthoHlfi of ISM ; ozonI;<a- 

tion, 1S4 ; hroiniiwition of tohnnie, 
138: of hexahydrobmizone, ISO; tlio- 
ovy of — action, 140; docoinpoHitloii 
of nltroj?eii poiitoxido, 147. See nlwo 
rhotochcinistry and IdiatolynlH. 

rhotoclioinintry, toxta of, 7 ; r<’hit:lon 
of to riKlloclUMnlHtry. 18 ; comimrlHon 
with a ray oltoctH, 57 ; “ * of hydro- 
gen-chlorine reaction, 118, 1S2 ; o 
primary, 134, and Hecanidary light 
reaction H, 137. 

Photo-electric em‘ct and coloration of 
minoralB, 50, 52. , ^ ,, 

PhotolyaiR, of ammonia, hydrlodlc add 
gas, Icvulowe, ozone, 134 ; of hydro- 
gen peroxide, ozone, 13({; of hjairo’* 
gen bromide, 140, 

Phot-oxidation, of quinine, 137; of 
iodoform and hydrogen Iodide, 137. 

Ploochrolc rings in mica, 52. 

I^olonlum, a particles from, 3(1 ; decom- 
position of water by, 75. 

Positive, charge of a particle, 22 ; 

— rays, 148; annlystH by, l-IO; 
method of, 140 ; magnetic deneetlou 
of, 148; isotoncB discovered hy, 151. 

Potiissium, radioactivity of. 24 ; - - 
io<llde (add), decomposition hy a 
rays, 80. 

Primary light reactions, 133 ; Table of, 
184. 

Prout’s Tlypothosls, renewed Impor- 
tance of, 151. 

Qualitative and quantitative radio- 
chemical dfectfl, 40. 

Quantum theory, 132, 130. 

Quart?!, disintegration l)y radium rays, 
40, 


Radiation, forms of, 18, 21 : contlnu- 
buH emission hy radium, 2() ; ettuum 
tlon ns source of, 05 ; tluvory of 
chemical action of, 142; • tlienry 

of catalysis, 144 ; dlBtrn)ullon of • - 
in time anti space. 37 ; Infrji red 

— in explosions, l40. Hee also a, 
/3, 7} positlvo tincl Lennrtl rays iiml 
recoil atoms. 

Radioactivity, theory of, 20, 21 ; phe- 
nomena of, 21 ; series of, 23 ; of 
potassium and rubidium, 24 ; radio- 
active equilibrium, 25; standards 
and units of, 26 ; • — , Isotopes 
resulting from, Appendix, Table R, 
172 ; “artlflclal” — , KUl, 108. 

Radlochemlatry, definition, 17 ; relation 
to photochemistry, 18; probloms of, 
74. 

Radlo-thorlnm, life of and use In lu- 
minous material, 65. 

Radium. See also Iflmanntlan and 
Radiation. Discovery of mcllntlons, 
20; equilibrium with emanation. 25; 

— family, Table I, 28; standards, 
20 ; number of a, 81, /3, 42, and y 
rays from, 42 ; — salts and solution, 
gas evolution from, 47 ; precautions 
In sealing — In tubes, 48 ; lu- 
minous paint, 64 ; recovery of lu- 
minosity In, 54; disintegration of 
quartz by — , 49 ; coloration ))y, 60 ; 
blue lumlnoBcence of fused — salts, 
50 ; decomposition of water in — 
§pl|itlof), 5^ 76j 8^, 


Radium A, B, C, 1), I'J, h\ )»roi)er(leR, 
30; heat from Ua A Jiiid lin (', 0.5, 
Rang»‘, of ft jairtlele, 27; einl of, 27; 
In miiu'ralH, 51 ; rnilhumdrle <lf(er- 
mlnnllon of, 77 ; of HwU't atniuM, lo.q. 
Recoil, from a pnrllelcH, 23, 1.5-1; <‘Ji 
ergy and vi'loelly of iihnnH, 155; 
elnmileal nelhjn of, 1.5<l. 

Relleethm of X rjiVH hy <M*yNlnla, 44. 
ThHuHgen rayH. Se«‘ X rays. 

Rubidium, radloaclivlly t)!’, 2 1. 


Malla, eolornlhm «>f by radlntbm, 47; 
of radium, gas evolution from, -l.s ; 
de<Mnu])OHll Ion of In Kolntlon, Oil; In 
Holid Hlnle, 80. 

Snliirtillon eumuit, uh a ineuHtire of 
Ionization, 37. 

Hcallerlng, t>f ft jmrlleh’H, -It; <if a 
narlielcH, 103. 

MelnllUnllmi, <»r zlne Hullbb* by a rays, 
53; by HWlfl, imrlleles fi'oni hydro 
gim, 104; nllr<jgen and oxygen, 103, 

too. 

Mee«mdary light reaeiloim, 132; tatOi^ 
of, 130. 

Hiutaralhm of Isolopi’s, 15 1. 

Hblot’a hl(‘jjde, 64, Hee also Zinc? Hul« 
fide. 

Hllenl dlMcliarge, 121. Hee also lOlee- 
trim I dlHcbarge. 

Hilleon, hvf> iHolopes fjf, 16,3. 

SolhlH, eheiuleal enefO of rnillatbm on, 
80, 121. 

Holudoii, radium gfiM evolntlon frtmi, 
48; d(*eoin|Hmlilon of watrr In, HO. 

Hphens averagj* imlli of « pnrlleleM In, 
82; hifluenee of size on rbemleal ae 
tiou of iumtnntlon, too. 

Ntandurd, rmllum, 20. 

Ntopidug lujwer toward « tuirlleloH, 32, 
33 ; 3'alllt» U. 33. 

Huger liivet’Klon, radloehembail, (13. 

Huinde, filkallue-earth, iihf»«plMireseeni, 
57 : y,Iuf% phoHOlmreKeent, 54, 

Hulfur, Mlmple elemeut, 153, 

HynlhcHlH. of hydrogen chloride by a 
rnys, 85; by ft luid y rays, 110; by 
X rays, 12f^; by light, tlH, 130; of 
water, ammonia, and hydrogori bro 
ndde by etimnatlon, 72, 8.^, HO, 07, 
00„ 1 10; of water by eleetrlenl tUn 
charge, 126. 


Tempernltire coefilclent, of radloebein 
Iml nellon on water. 01 | on pcuim 
slum Imllde, 03 ; on hytlrogen sulOtle. 
ammonia, and nltrmrs oxide, 03; or 
miction velocity, 143. 

Thotft ((D, average life tierbul, deflnl 

turn, 24. 

Therm ch'ctronH, loritxathm by, 43. 

TbermolumlneMcetice, and Iom of color, 
62. 

Thorium series, 23, Her als^« Mtwi- 
find Radio thorium, 

Toluene, rndbicheuilcal itcdon on, (H ; 
nliolo liromlurttlon of, I3H, 

Tube, X ray of (’oedbige, 40, 45 ; thin, 
a myOHUietralde, 70, HO. 


tntra-vlolefc light, chemical effects of, 
08. 

Unit, 8 of radioactivity, 20; Ioniza- 
tion by a particles, 2h ; hy ft and y 
rays, 42, 

Dranlum, serlci, 28; Tntde f. 28; 
^ulljbripm In, ^4. 
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Vnh'nco, changci of l)y oiniHHiou of a 
and /3 i)aft:[cl('H, 42; - - olootroiiH, 
loom'iiliig {)f by llglil:, 124, 140. 

V(‘l(K'Uy, of a iHirticlo, 21; of 

guH ■ roac.l.louH by luanonictrlc 
nudhod, (15; of dilfiiHlon of ludivo 
<loi)oHll:, 105; alniovinai of olioHpbina 
<lot’(>in|)oHl(loii, 1*t'l ; of rc'coil aloiUH, 
155 ; of HwU'l. bydvogon utunm, 102, 

Wat(‘r, (‘XccHH b.vdrogc'u froni doooin- 
poHltloii of by radium, ^IS ; by <'nmnU“ 
non, 01; HyulhoHlH, 72; dooompoHl- 
tloii Ibv (‘maimtion, 01), HI), 1.12, 120; 
by (‘b‘t!lrlcnl dlHcliargc', 125; l)y po- 
lonium, 75 ; by vadium In Holulloii, 
51), 75; H.vulhoHlH of by oinanatlou, 
HI), 1)7, DO, 117; - vaijor, dooompoHl- 

llon by omnnutlon, H7, 120 ; tiqulUb- 


rinm with hydrogen and oxygen 
(emanation), 01, 104. Hoe also Ice. 

Willemite, phonphoresceiice of, 50. 

X rays, cllaeovery, 20, 44 ; properties, 
44 ; ionization by shock in — tube, 
20 ; intc'rl’erencc, diffraction and re- 
llectlon by crystals, 44 ; structure of 
crystals by, 44 ; — tube, of Coolidge, 
40, 45 ; characteristic, synthesis of 
hydrogen chloride by, 121). 

Xenon, absorption of by electrodes 
(chemlealV), 127; five isotopes of, 
153. 


Zinc sulfide, pure, non-lumlncscont, 70 ; 
decay of luminosity in, 64 ; recovery 
of luminosity in, 54. 



INDEX OF AUTHORS 


AmloroRfi, F. 0., ozonizatlon lii tlio 
corona, 125. 

ArrhonhiR, S., active molmilcs, 1*15. 

Aston, F. W., poHltlv(* rny analyMln, 
140; lfiotoi)(‘H oC nc(jn, 151 ; of other 
oloinentH, 152. 

Aston, F. W. Hoo Llntlenuuin, V. A., 
151. 

V, Bnhr, IQ., pliotolysls oC ozone, 
1ST I 

Baly, F, C. C., lOiiiHtcln’H IMuiIocIumh-* 
icnl Law, 145. 

BancroJt, W. I)., colloidal colomtion, 
50. 

Barkla, 0. G., cliara(!(;(*rlHtlc X radia- 
tion, 45. 

Baskerville, C. Roe Kunz, G. l'\, 57. 

Bocquei'o.l, ll„ discovery of UccqneiMd 
rays, 20, 44 : clunnloal action of ft 
and 7 rays, 47. 

Benrath, A., pholocheinlstry, 7. 

IRwvJiz, K., decojnpoHilloii of water 
by polonhim, 75. 

Berth ('lot, 1)., and (landc'chon, 11., pho- 
tolysis of jevuhw, 1IM. 

Bhandarkar, 1). H. Heci M'rniitz, M., 
145. 

Bi)t?(‘low, R. Ti., tlrst or(l<‘r reacIloiiH, 2*1 ; 
Ih’out’s IlypotheslH, 152. 

Bloc)), L„ ionization by clnnnicnl ae 
tlon, 120. 

Boclen stein, M., synlhesls of h,vdro«:(‘n 
olUorldo by a rays, 85, 111); pholo 
elu'tnlcnl (api I valence, 152; inMiunry 
H^lit iTactlons, 154; K(‘(‘ondary Il|.;ht 
lUMictlonH, 1S7; photoIyKlH of hydro 
Ken iodide, :IS4 ; iheory of pliolo 
chemical action, IS*!, 140. 

Bmlonsteln, M., and Diuf, W., pholo^ 
synthcslH of hydroKcn ehhn'hhs 125, 
187. 

Bodlllnder, (1, Reo Uvinge, fl., 00. 

Bolir, N,, atomic model, 27. 

Boll, M,, photochenileni ad Urn, 127. 

Boll, M., and Job, I*., pl)olo ljyd?‘{»l,VH!H 
of cbloroplntlnlc add, 18T. 

Bragg, W. 11., radlonellvKy, 8; kinetic 
energy of a pnrtlde, 2(1 ; Ionization 
curve of a particle, SO, lou; stm) 
ping power for a i>artlcle, jpi, ns ; 
tlrst calculallon of lonlccbemieul 
equivalence, 75; spndfle Ionization 
of gases i)y a particles, 1)2. 

Bragg, W, If., and Bragg, W. L., crys- 
tal structure, 44. 

Bragg, W. IT., and TCleeman, It. 1)., 
identity of a particles, 2(1. 

Bragg, w. L„ rejection of X rays by 
crystals, 44. 

Bragg, W. L. Reo Bragg, W. 11., 44. 

Brlznrd, L. Bee Broglh', M.. 180. 

Af ......1 Yl ..7.... ..,1 f ..t 


BrlbiHled, 4. N., and v. Ilevesy. (}., 
Heparnllon (H Isotopes <jI‘ m('re\iry, 
15*i. 

Brooks, n. T., r(‘coll from ct par- 
deles, 154. 

Bruner, L., ami Czerulekl, B., idudo 
l)rojnlna(Ion of loluene, ills, 

BmiHen, It., iind Uoseot', 11. K,, pludo 
H.viidu'slH (jf bydrog('n clilorldi*, 
tIB. 

(ialhiw, U. U., and Bowls, \V. .M. M {•(’., 
radio (hui In duunbud ad Ion. 1*12, 
(hunertm. A. ^1',, ami Itamsay, W., elu'm 
h‘al dT«‘dH of eniniinilon. Oil; np 
parahiH, tllbll ; synlheHlH of vvaier by 
emanallon, K5, iiT ; decomiinstUon of 
ammonia, bydrogj'ii ddotido, nml 
carbon iit(»xld(‘ by emamdlon, 85 ; 
syutheHls of ammonia by (muinaibrn, 
85, 1)8; decomtamll bm (»f eni'Ium 

nmnoxhb* by emanatbup P7. 
(’aiMpbi'l), N. It., and Hyde, W. )!., 
(llsappennuuM* of gas In electrical 
dlHcbiu’gj*, 128. 

damplK'U, N. lt„ and \VtM>d. radio 
netivlty <>f potnsHlnm nml rulddlnm, 

(’liapnmn, 1). L., du'ory of ls(»lop|e 
H(*pa radon, 154, 

(’liapman, I>. I^., and dee, !•'. 11„ photo 
Hyndu'HlH of plioHgt'ne, jits. 

(’hapiiinn, I), B., and Mm'Malion, 1*. B., 
luldbllbm of plndochetidcal ndbm, 
1 11). 

(hihh'utz, W. W„ infra red absorption 
of medfyl acetate, 144. 

(hdlle, ,B N., abHortilbin of xemm 
(eljeinleal V), 127, 

(’oolhlge, W, 1)„ K ray htla*. 4(), 45, 
(’(»re, A. I'‘,, dUHM'v of Isotojdc separn 
tlon. 154. 

(Velghlon, U. d. M., and McKenzie, A, 
d., deefunposldon of hydriodic neid 
by iiem'l rating rays, (Id. 

(hirle, i*., and <‘urie, Mme. ib, c(dc»ra 
lion of glass. 47. 

thirl»s 1‘,, ami l>ebb*rnc. A., gas evol\e(l 
by rndimn hiiUm and sotndojm, 48, 
(birle, lb. ami Bnborde, A., dieory of 
radbmdlvHy, 20. 

Curie. Mine, t*., radloaellvlly, M, 24; 
eorpuHcuIar untnin* of « jmrticle. 22; 
radium standards, 2d, nO; tumincs 
eence and color. Td ; r-uer^y of (ome 
Irallrig rays dimnlcaHy nnllzeii. dl ; 
Ionic diemlcal ei|nlvitleiiee. 75. 
f’urle, Mmc. lb Hec durle. lb, 47, 
CV.i‘rnielcl, H. Hee Brmief, Bm dlH, 

iinnielH, F., and Jobimton. H d., de™ 
cornposiiion of idtn»geri i»cntoxldc, 


IJSVJJJJi OF AUTHORS 


179 


Duvhl, AV. T., iufni-rod radiation lu 
(!lj('mlcia roacdioii, 14(i. 

IVavloH. ,1. II., decomposition of am- 
iiionla hy (‘huitrlcal dlHt?har^^(^ llid. 

Davis, il, W., pure zinc sullido, non- 
lumlnotiH, no. 

Dolih'nio, A., oxoosM of hydrogen in de- 
comnoHltlon of wat('r, -IS; doconi- 
n<iHluon (O’ iMullum solulion, sn ; <Ul’- 
nislon of actlv(‘ d«‘i) 0 Hl|, 105; <l<s 
<'oinposltI<m of water by laMadratlnf? 
vays, 114; iiicrmnl theory of a ray 
cheinlcal (‘ff('ct. 110. 

Debierne, A. Sec Durlc, !»., 4H. 

l>ooll(‘r, (!., trolorallou of iiilmo’als by 
rndlinu, 50, 

Dm 
1 

Dun no, W., (aul of ranK(' of a parthdc, 
27 ; lliln a ray bulbs, 70. 

Dnniub W,, niiu Soluaior, (),, d(*ooui- 
jaislllon of water by oninnntlou, OO, 
HO excess hydrogen from, 01 ; ('xlra - 
lailnllon of ionization by ('manatlon, 
H4 : <le(‘ono)OHl(l(»u <»f water, lee, ami 
wnler vnijor, H54), 120. 

Dunne, W., an<l Hu, X rndla- 

(Ion, *15. 

Dun in', W., and Da horde, A., Ionization 
fornuiln, 00, 84, 85, 80, 

Dtimie, \y„ and Shimizu, T,, X radla- 
thm, 45, 

Dnane, W., and Wemll, (}. D., acdlve 
hy(lrop;en, 112, 

Dux, W, See JltMlensieln, M., 105, 107. 

KlaNloln, A,, idiotoehemleal e(iulvalenee 
law, 102. 

Fajans, K., eliauKe of valence by a or 
/i raillalhm, 42; rndloncMve Isulopes, 
ApiMMullx, O'able 11, 

I'NileUcnber^j;, D., dccompoHll lou of uiU" 
umnla by electrical dlsehai'ixc, 120, 

l'*all<, K. (1,, first (U’der rcncIhmH, 24. 

I'Manitn, h,, and Machc, 11,, ealculnlion 
of hmlzathm l>y cinanalhm. HO. 

FIclehcr, A, D. See .loly, 52. 

l'‘le(<'her. U. See MintUan, U. A.. 42. 

KtaM>eM, (1. S. See Dulhev, U., Dll. 

Frbuirh'li, AV., KnlnphiM:, V„ and Lane, 
M.. crystal ^llffruethm, 44. 

I'hihdier, (}, S.. aloride dlHriipllon and 
arllflclal rmlhmctlvlty. 100, lOH. 


j»ei*, ,1, \V., photochemical action, 


Damlechon, 11. See Iterlhelol, D., DM. 

<L‘e, lA n, See tOmpinan, lb L., DIH. 

Delaer. tl., fonlznlloa curve of a nar» 
Dele, 00; vehaOty equnllon t)r a 
niiriieb', 111. 

Delner, U. See MaUower, AV,, 77, 

Deliver, !!., and Marmleii, K., Mealier* 
iuji of a parthdcM, too. 

(ieluer, 11, See Uulherrt>rd, D. 22, 

no. 

DirNel. 1'\, cnlnraDiai (if HnllM. 47. 

iiohlherg, D. See ladher, U., 155. 

thildMtein, Km i‘t0t»rnDi»n l>.v cathode 
mvH, 51 ; <UMcovery of eanal ra.VH, 
HH. 

OnDNflmlk, V. It, See Millikan, U. A., 

20 . 81 . 110 . 

Drlftmi. U. n„ Lnmhie, A., and Lewis. 
W D. MeD., radlaDun la ehemieal 
rtcDon, 112. 

(DirtUh. It IK iitnl Lewis, AV. D. .AieD., 
rndlaihai In chemical acthan 142. 

Haber. K., ninl Juwl. <1., loiilznllon by 
cliemlcal netlou, 120. 


Ilnhn, O., recoil from a particle, 154. 

Hall, N. K See Kichards, T. W., 154. 

Harkins, AV. D., separation of isotopes 
of chlorine, 154. 

Hartley, H. See Morton, T. R., 154. 

Haselfoot, 10. 10,, and ICirkby, P. J., 
ionization in gas explosions, 130. 

Henri, V., and AVurmser, 11., photo- 
hydrolysis of acetone, 137, 145 ; pho- 
tolysis of h.ydrogeii peroxide, 137. 

Hess, V. I<\, and Lawson, K, AA^, num- 
ber of particles from radium, 42 ; 
of a particles, 70. 

Hess, V. V, See Moyer, S., 05. 

V, Ile.vesy, G., change of valence by a 
or i3 radiation, 42. 

V. Hevesy, G. See BrOnsted, J. N., 
154. 

Higgins, W, F. See Patterson, C. C., 
{34. 

lUhilgHehmld, O., radinni standards, 
2(1 1 coloration of radium salts, 48 ; 
dlHintegration of quartz by radium 
rays, 41) ; blue luminescence of ra- 
dium salts, no. 

Horton, l‘\, ionization by tliorm-olcc- 
IroiiH, 43. 

Hn. K.-AV. See Duane, AV., 45. 

Hull, A. AV., crystal structure by X 

rays, 45. 


•Job, V, See Boll, M., 137. 

.folinston, 10. H, See Daniels, F„ 147. 
,7olv, J., range, of a rays in minerals, 
52 ; pleochrolc rings and geological 
age, 52. 

.Torlssen, AV. lb, and Ttinger, W. 10., 
synthesis of hydrogen chloride by $ 
and y rays, 47, 85, 110. 

.Torisseii, AV, P., and AVoudstra, H. W., 
coagulation of colloids by ^ rays, 47. 
.rust, G. See Haber, F., 1^0. 


RjihaUjlan, D, H., theory of ozoniza- 
tlon )>y (‘lectrieal discharge, 124. 

Kalmk.)lan, D. H. See Karrer, 10., 40. 

Kalian, A., (Miergy utilization of pene- 
Iratlng rays in chemical action, 01; 
<le(Mm\poslD<>n of hydrogen peroxide 
by penetrating rays, 02 ; of alkaline 
halides, 02; of organic and Inorganic 
Huhstanees, 03-4. 

Karrer, 10., and Kahak.Ilnii, T), H., blue 
Inmlneseence of radium salts, 40. 

Knuftnann, AV., mass of electron, 41. 

Kelly, M. J. See Millikan, U. A., 20, 
81, 110. 

Keruliaum, M., formation of hydrogen 
juToxide by radium 48, 00; excess 
hydrogen in decfompoHitlon of water, 


00 . 

Klrkby, P. .T., eliemlcal action in gases 
by eleetrleal discharge, 43, 125. 
KlrKlbV, P. J, See Haselfoot, IQ, IQ., 
130. 

Kirkhy, P. J., and Marsh. J. IQ,, Ioniza- 
tion In expUmlve reactions, 130. 
Klstlakowskl, W., bleaching of dyes, 


137. 

KlaU. V. See Lenard, P., 57. 

Kleenian, U. D., Hpecifle ionization of 
gases by a particles. 02. 

Kleenian, R. D. See Bragg, W. IT., 20, 

KolownD, L., table of decay of emana- 
tkm. A])pendlx, Table A, 170. 

Kutiiplng. P. See Frledrleh, AV„ 44. 

Krliger. i\, ozonlzallon by Lenard rays, 
80. 124; riulhUioii theory in electro- 
chemistry, 144, 



180 


INDEX OF AUTHORS 


KUiiunoll, (1., ionization in tlie nlioto- 
triioinioal ayntln'MlK ol’ hydroK^'H 
r.iH. 

Knminoror. L. F5oo Wciport, W., 1*^4. 

Kunz, G. F., and Baskcrville, C., radio- 
luminoscoKcc of gems, 57. 

Kunz, J. See Kidoal, K. K., 81, 1213. 

Tjabordc, A. See Curie, P., 20. 

Labordo, A. See Iluanc, W., 00, 8*1, 

85, 80, 

Larnble, A., and Lewis, W. 0. McC., 
radiation in ohoinloal aetlon, 1*12. 

Landaucr, S. Sec Wendt, G. L., 81, 

112 . 

Langovin, P., rate of rocoiul)liuitlon of 
gasooiiH ions, 117. 

Langmuir, I., iiioiuitomlc hydrogen, 
112; arrangeiiKMit of inohMUib'H al: an 
interface, 1*15 ; radiation hypoUioHlH, 
140. 

LnntHberry, W. C. Sec MarHilen, 10., 
1(34. 

Lauo, W., interfernueo of X rays, 44. 

Tamo, W. See Prlodrlch, W., 44. 

Lawson, II. W. StMi ITohh, V, F„ 42, 
70. 

Lonmlng, T. 1I„ Sohlundt, IT., and Un- 
derwood, .T. 10., anvjllcntlou of (be 
Duane and Lal)or(lo ionization for- 
mula, 00. 

Lo Blanc, M., lonic-chomlcnl oaulvn- 
loneo, 75 ; decoiupoHltlon of ammonia 
by oloctricnl dlHclmi’Ko, 120. 

XjC Blanc, 3W., and Volliner, M., Hyn- 
tlu'Klfl of hydrogen chlorUln by X 
rays, 128. 

Lonard, 3^^., and Klntt, V., pliosDlioroH- 
cent nlknllne earth HulOdeH, 57. 

Lewis, W. C. MeC„ nholoe.heinleal 
equivalence, 102; rndinllon theory 
of ehemioal action, 142; anomaly <Jf 
phosphine decoiupoHltlon, M5. 

XiCwis, W. C. McC. See (fallow, It. H., 
142. 

Lewis, W. C. McO. Bee OrinUli, Tt. O., 
142. 

Ijowlfl, W. 0. McC. Bee Grimili, U. ()., 
and X^amble, A,, 142. 

IjcwIr, W, C. McO. Bco X^nnihle, A., 
142. 

Ijlnd, R, C., loss of color and tberinO‘> 
InmlncHcencc, 52; nyntheKlH of wa- 
ter by emanation, 71, 85; decom- 
poRltlon of ammonia by one a par- 
ticle, 78 ; ozonlzatlon by a rnyrt, 7(1, 

86, 124; thin a ray hulbs, 7(3; ra- 
dlotnotrlc determination of range of 
a ray, 78 *, theory of ozone forma- 
tion, at ; average path of o ray, 82 ; 
synthosia and docompoHitlon or hy- 
drogen bromide hy emanation, Rd: 
docornnosltion of hydrlodlc acid and 
of solid salts, 80 ; caulllbrlum of 
hydrogen and oxygon (emanation), 
01, 1(34: kinetic equation for chem- 
ical action of emanation on gases, 
06 ; application of, 09 ; inflnonce of 
size of sphere on rate of water syn* 
thesis (emanation), IDt ; location of 
active depoHit, 105 ; cxcohs of eom- 
pononts In water syntheHls (emana- 
tion), 107; netlon of emanation on 
pure hydrogen or oxygen, 111 ; lonle 
chemical wiulvalence, 115; chemlenl 
action by recoil atoms of a particles, 
150-100. 

Llndemaun. F, A,, radiation hypo- 
thesis, l40 ; theory of separation of 
Isotopes, l6:j., 


Tjlndenmnn, K A„ and Anton, F. W., 
separation of isolopes of neon, 151. 

Loeh, Ti. B., eliisler lonH, 81. 

Imnu, A. (h, average palh of a rays, 
82. 

Imther, U.. photography tuul pbolo- 
ehemlstry, 18. .... 

Luther, It., ami Forbes, G. B.. pbot- 
oxldnllon of quinine, I8 (. 

Luther, U., and (bddherg, F., IuIiIIjI- 
tlon, 185. 

Lullim*, H., and Welgerl, F., jibolo- 
eluMuleal i)t>lyinerl'/.allon of untbra- 
eene, 184. 

Mnehe, II. Bee Flatuin. L.. 88. 

Mai'Mabon, Ib B. Bee (Mmpinan, D. L., 

111 ). 

MaUower, W,, ami (Jelgt*r. 11., y ray 
delenulnallon of emanation, 77. 

Makow(‘r, W. Bta* Hush, B., 154. 

Mareelln, U., Ineremeat of Internal 
energy, 148, 

Ma rsden, W., ileeny of lumlnoHlty of 
zlm* HubldiS 54. 

Marsdi'H, K. Bee Geiger. 11, , 108. 

Marsden, F., ami Lnntsberry, W. G., 
long range hydrogen atoms, t(M. 

Marsh, d. F. Bi*e Ktrkliy, F. .f., 180. 

RfeKi'nzIe, A. G. Be<‘ Grelghtou, 11. J, 
M., 08, 

MeKhing, U. K., rate of reeotnbluailnn 
of gaseiaiH loas, 1 17. 

Midtner, Krl. Ij., life of meso thorium, 
55. 

M(*Ilor, 4. W., eheinleid kinetle ealeuln- 

(loilH, 108. 

Merhm. M’. U., ami llnrllc'y, U.. tlnmry 
of sejiaratlon of iHolopes, 154. 

M^•.^el•, B., and llesH, V. F.. dlHlntegra- 
(Inn of qnartv. by radium rays, 41) ; 
heat evolutloti of radium, 05. 

Meyer, B., and IM’zlbrnm, K., photo- 
eloelrh* elTeet and eoloratlon of min 
enils, 50, 51, 

Meyc*r. B.. and V. Hehweldler. 14., radio 
aetlvKy, 8. 24; radium Htanilarils, 
20; energy ami velocity of recoil 
iitoinH, 155, 

5illllkan, U, A., and Fletcdier, U., lo»)- 
lzallt)U hy ft partieles, 42, 

Millikan, U, A., GoGsrdmlk, V, U., and 
Kelly, M, 4.. Ionization hy a par- 
ticles, 20. 81, 110. 

Moore. It. 13., use of meso tlmrlum In 
hiinlnotiH paints, 55. 

MoNoley, n. G, J., nundier of ft par- 
lleles, 42; nlomle numhers, 44, 

Moseley. H, G. J., ami Htddnsou. II., 
tuimlier of 7 rays from radium, 42. 

Nernst, W., pimtochemlenl I’qulvalenee, 
188. I8fl; nieehaidsm of ploitosyii' 
thesis of liydrogen eldorlile, 141. 

Ostwald, W., tdmtochemteal resea relies 
of Bunsen and Uosem*, tlH; Prout'w 
hyptilhesis, 152. 

Ibilterson, (\ Walsh. J. W. T,, and 
IllgghiH. W. F., rmllum hunlnoua 
paiul, 54, 

Perrin, 4.. radiation theory of chem- 
ical action, 145. 

Plnkns, A„ Ionization by gas reactions, 

120 . 

Plnnck, Mm quantum llo‘ory, 182. 

Plutnlkow. J., phidoehemlslry, 7 ; jihot 
oxidation of hydrlodlc acid, 187 ; of 
loflofortn, 187, 


Poll], U., doi’omiioHlilon of ninnionia by 
(‘loclrlcnl <llH(^llnr^^<^ 12(;. 

Prouf, ^V‘., ntombt liyiiotlH'HlH, 152. 
Pi'ztbram, K. 1 \I{‘.v(‘u-, S., 50, 51. 

PiiHob, Krl. Tj., I(‘h(; of Miiintolu iilioto- 
cluMnlcnl liiw, KJS. 


UauiKay, W., oxo<‘hh of byOvof^on ii\ 
WMt(*r OtH‘um])osU loll by riulhioi, -IS, 
(10 ; piH iiipcilo, (Ul. 

UiiiiiHjiy, W. S«M‘ Oiinuiron, A. T,, 
00-1), .S5, 1)7, 1)H. 

UniUMiiy, W., mid Soddy, I‘\, d(H'om- 
iiohKIou of riidhini Holulloii, 75. 

UolioiU, (J., loiil'/ailldu by (.dumilc.iil ac- 
tion, 121). 

UcKoiior, 10., i)holot*h(Miilnil O'/.oiilKatioii. 
12*1 ; plintid.YHlK of aniiiionla, 12 I ; of 
OZOIK', 127. 

UoyiKddH, 10., triad of noon, 151. 

Uloo, ,r., (’{luailoii of onoi'Ky liicrouiont, 

.1 *1 tS. 

Ploldn-dH, M\ W.. and Hall, N. P., in- 
H(*paralilllly of lHoto])(‘H, 154. 

Uirtoal, 10. K., radiation In clioiiibail 
UlnoUoH, 1*10. 

lUdonl, 10. K,, and Kinr/, ,T., os^onim- 
llon III t:b(* corona , si, 125. 

lUdi'nl, 10. K., ami Taylor, fl. oa- 
tal.VHlH, M4. 

lUngor, NV. 10. Soo dorlHami, W. P.. 47, 
sn. Ill), 

UoUoriH, It, ]>., iiYiMMigo path of a v'ar- 
ibdoH In oyllmlorH, SO. 

UobiTiHon, n. Soo II. (}. ;T. M’oHoloy, 

42. 


Uomiljton, W. P., dlHoovory of X raya, 
20. -14. 

KoHcm*. ir. 10. So(‘ PiniHcn, U., IIS. 
PoHH. W. U., jiliohn'ln'iiilcal rodmdloii 
<d’ fm’i'iMiH Hiiirati*. 02. 

Uo.vdH, 'I\ Sc‘o Uiil.liorl'ord, 10. 10., 22, 
70. 


Uiiii^d', (}.. and Potlblndor, (i.. oxcokh 
liydroK'Mi In \vn lor dccoiniioaltlon by 
radium, Oo. 

UiiHH, S., and MaUow(*r, W., r(*ooll 
aloniK from it |>ar1loh«H, I5-1, 

UUMHoll, A. S., idningo of valmico by a 
or fl radlallon, *12, 

Uutln'rl'ovd, 10. 10., vadloactlvUy, S, 24 ; 
!naa:iiclh* and idrolrU’al ^h'llorjlon of 
a parllcloH, 22; alonilr dlHrupllon. 
22; radlfUM'llva rqiilllbrlnni. 25; 
nlomlr intabd. 27 : cm'rgy of lonizn- 
lion, 21); munnorntloii of a parlirloH, 
21 ; cioTKy radiated by «. fl, ami 7 
raya, 42; dlrtlntt‘M:ra< bni «»r (piarl/, by 
radium rayn, 41); pleoehroh* riuga in 
mica, 52; aelly<* cenlorH of InmlneH 
eepee. 5 1, 57; beat of abaorptlon of 
fl. tK nud 7 Hiyw. 05; 7 ray deler- 
niljiallnti of eimiuallon. (7; flm- 
appoanniee of eiiiniiatloii In Hpee- 
tnmi lubfH. 127; uiouienlum of a 
ri'Ofdl, 155; aeallerhm of a parlleloK, 
102; awlfl bydro^en alomn. KM; 
from nllroKeit, 107; Hwlft helium 
alnma from oxygen ami nlirogen, 
107; bellnm uPhuh of imiKH. 2. 107; 
gain in energy by alomle disruption, 
Kill; unanilly t»r. lOH; unelear slrue 
lure of nlirogtm, oxygen, and ear- 
lum aPinm, 107. .... 

nnllierforfl. 10 , 10.. and <''‘Ig«;r. K.. 

ebnrge nf a piirtUde. 22; iUHtrllmlbrn 
of n nidlalbin In lime and Hi«aee. 20. 
Uulherford, 10. K.. and Uo.vds. I., na- 
ture of « nartieieH, 22; thin a ray 

rapMlory. 7U* 


Kntherford, 10. 10., and Soddy, F., hy- 
potluials of atomic disiutogriition, 21, 
24. 

Kyde, ,T. W. II. See Campbell, N. R., 


Sadler, C. A., cbaraeteri.«itlc X rays, 45. 

Selimier, O., calculation of ionization, 
S4 ; syiitliesis of water by emana- 
tion, S5, .SI); roclnctlon of carbon 
monoxide (emanation), 90. 

SelHMior, (). Sec Knane, W., GO, 85, 80, 
S5-1), 120. 

Sehlundl;, H, See Learning, T. IT., 00. 

Sclinildt, (I. C. Sec Wiedomann, 10., 
57. 

V. Seliweldler, 10. Sec Meyer, S., S, 24, 
2(1, 155. 

S(‘b()r, J. See Stoklnsa, ,T., 00. 

Sheppard, S. 'JO., pliotocbomistry, 7. 

Slilmlzn, T. See Kuano, W., 45. 

Slegbahn, M., X radiation, 45. 

Soddy, F., change of valence by a or 
p radlallon, 42; theory of isotopic 
Hi'paratlon, 154. 

Soddy, F. See Ramsay, W., 75. 

Soddy, F. See Until or ford, 10. E., 21, 
24. 

Stark, ,T., loosening of valence elec- 
trons, 12*1, 140. 

SloUlasn, .T., Sebor, J., nncl ZclobnicUy, 
V., re'duetloii of carbon monoxide by 
hydrogen (radium'), 90. 

Slrotig, W. AV,, theory of ozone forma- 
tion, 81, 122. 

SlnitU U, J., poHitIve charge of a par- 
ticle, 22. 


Taylor, TI. S., regulator for thin a ray 
bulb, 79 ; syn thesis of hydrogen chlo- 
ride by a rn.vs, S5, 119; non-exist- 
ence of active molecules, 143, 

'raylov, H. S. See. Rldcal, E. K., 
141. 

'I’aylor, S., specific ionization of 
gases Iiy a rays, 92. 

2’liomson, .1. 4., positive rays, 148; va- 
riety of ga scons Ions, 81 ; absence of 
bins In plioto-syiitlu'sls of hydrogen 
chloride. 128; analysis by positive 
rays, 149. 

2’lan. A., iihotolyslfl of hydrogen porox- 
ld(‘. 127. 

'INdnian, U. radiation and chemical 
Uluelles, 14G. 

^'ownsend, ,T. S., Ionization by collision, 
•12, 124 ; rale of recombination of 
gas Ions, 117. 

'Praulz, M.. radiation theory of ca- 
Inl.vsls, 144. 

'Prauiz. M., and Bhiiudnrkar, P. S., 
<lecomposl(lon of phosphine, 145. 


Underwood, J. E, See Learning, T. TI., 

^hl. 

Usher, F. L., non-entalyilc action of a 
rnvH. 59; ammonia equilibrium (cin- 
nn'atlon), 72; di'compositlon of am- 
monia and water by emanation, 85, 
pH; nlisorptlon of hydrogen by glass 
under a radiation, 112; decomposl- 
tlnii of water liy a and by j8 rays, 
112. 


VollauT, M. See I.e Blane, M., 128. 

Waeatig, P.. phnsphoreacent alknllpp 
partb BpllldpB, 57, 



182 


XNDIHX OF AUTUOFS 


Walsh, J. W. T., recovery oi! luminos- 
ity oC radium paint, Hd ; iiieso- 
thoriinu Inmliions paint, HH. 

Walsh, J. W. a\ See Patterson, C. C., 


64. 

Waiter, R., life of radlothorinm, 65. 

Warhnrff, 10., low ciier^?y utillzallou in 
photochemical action, 12 :$ ; Inappllm- 
hility of Paraday’B law to o/iOniza- 
tlon hy electrical dlHcharjje, 12d ; 
test ol' Einstein’ H law, i;i2, 120; 
pliotocliemical ozonixation, 124 ; plio- 
tolysis of ammonia, 124. 

Weiprert, F,. photocliemistry, 7 ; jOio- 
toiyslB of ozone hy chlorine, 124 ; 
witlunit chlorine, 127. 

Welgert, E., and Kummerer, Ij., photo- 
chemical eoiiverslon, 124. 

WeiKort, E. See Rutlier. R., 124. 

WelliHch, E. M., cliiHter Ions, SI, 

Wendt, (}. L., and Londauer, R, S., 
cluHtor lojis, SI ; tri-ntomlc liydro- 
ffon, 112. 

Wendt, a, U Sec Dunne. W., 112. 

Wertensteiu, L., a recoil atoiuH, 155, 
160. 


Wh'demann, E., and S(4imldl;, (i. (h, 
phosphorescent alkalliu' earth sul- 
fides, 57. 

Wien, \V., mngiietlc dedeedon of <‘anal 
rays, 14S. 

W!;,mnd, A., photoeliemhml transrornm- 
tlon of sulfur, 12*1. 

Wlhlt'rinaun, M',, idioio synUK'SiH of 
ph()Hf!:ene, 12.S. 

Wlnther, (1., hleuehluK of dyes, 127. 

Wood, A. See (lumpludl, N. K., 2'I. 

Woudstra, 11. W. Sis* Jorlsson, IV’. P., 
47. 

Wourizol, E. E., ammonia decjoinposl- 
tlon hy one a particle, 72; extraiuila- 
tlon of lonlzafhuj, H4 ; dtUMnuposltlon 
of hydrogim siilllde, ammonia, nl Irons 
oxl<le, and earhon <lIoxl(le l),v <‘niana- 
tton, S5, JI2, 121,; iimpiJllenldllty of 
thermal tln»ory (jf a ray eheinleal 
eflVcl, lid; no synlhi'HlH of anunonia 
hy emanuMon, 85, 120; collision [lnj- 
ory or radloehemlcnl nclhm, 02. 

Wurmser, 11. See llenrl, V., 127, M5, 

Zdulmicky, V. See Stoklnsn, .1., 00. 



